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Abstract

Improving the water solubility of hydrophobic drugs still remains one of the foremost 

important issues in the formulation of a dmg. This thesis describes a novel 

complexation method based on biodegradable poly(y-glutamic acid) (PGA) for the 

effective solubilisation and delivery of the hydrophobic antifungal drug amphotericin 

B. Poly(y-glutamic acid) is a biosynthetic polymer derived from Bacillus anthracis 

and is known to be biocompatible and non-toxic towards humans and the 

environment; the sodium salt of which is highly water soluble. The preparation of an 

amphotericin B complex comprises of three steps: (i) initially the molecular weight 

reduction of PGA from 1500 kDa to 30-110 kDa by alkaline hydrolysis followed by 

(ii) hydrophobisation of PGA by activation with A-hydroxysuccinimide and then (iii) 

the complexation of amphotericin B with PGA to produce a highly water soluble 

PGA/amphotericin B complex. The complex shows attenuated toxicity compared with 

traditional amphotericin B deoxyeholate (Fungizone®) and comparable to the 

liposomal amphotericin B formulation (Ambisome®). The complex retains its broad- 

spectrum antifungal activity against Candida sp. In comparison to amphotericin B 

deoxyeholate, the Amphotericin B complexes show a marked reduction in the pro- 

inflammatory response which is thought to be responsible for infusion-related adverse 

effects. The complex shows enhanced uptake by macrophage which may further 

contribute towards the lower toxicity of the complex. In vivo studies demonstrate that 

AmB complexes to be more effective than Fungizone® with the complex constructed 

from the high molecular weight PGA the most efficacious. Analyses by Differential 

Scanning Calorimetry and X-Ray Powder Diffraction show that the complex is 

amorphous in nature although it proves to be stable for more than 6 months at 4^C and 

more than two months at 37®C. Finally, water solubility of chemotherapeutic agents 

such as SN-38, etoposide and resveratrol could also be improved using the same 

concept.
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1. CHAPTER I 

General introduction 

1.1. Solubilisation techniques for poorly water-soluble drugs

The solubility of a drug in water and aqueous mixed solvents is one of the single most 

important issues in the development of a drug. Before a drug can cross the biological 

membrane by passive transport, it has to be dispersed in a solvent in order to attain the 

essential permeability. Drugs which are formulated for oral administration must have 

adequate solubility and dissolution rate to achieve suitable bioavailability whilst drugs 

which are considered for parenteral route must be soluble in a pharmaceutically 

acceptable vehicle. The simplest definition of solubility is given by Ramette in which 

solubility of a substance is described as the molarity of that substance in a solution 

that is at chemical equilibrium with an excess of the undissolved substance (Ramette 

1981). According to the U.S Pharmacopoeia, a drug is considered to be soluble if the 

human dose of the drug to be soluble in 250 ml throughout the gastrointestinal pH 

range of 1 -7.5. Other factors such as temperature, common ion effect and pH all have 

an influence over the solubility of a drug (Higuchi et al. 1979). The 

Biopharmaceutical Classification System (BCS) provides a guide for drug intestinal 

absorption based on the solubility and permeability of a drug. Drug substances are 

thus divided into four classes with Class I drugs representing high solubility and high 

permeability (e.g. furosemide) and Class IV low solubility and low permeability (e.g. 

amphotericin B) (Amidon et al. 1995).

Water insolubility of a drug is often cited as the major cause of numerous drug 

development failures (Prentis, Lis, & Walker 1988) and it can delay (Kola & Landis 

2004) or completely halt the development of a new drug (Pace et al. 1999). The 

advance in drug discovery through a combination of automated computational 

approach, combinatorial chemistry, informatics has brought about more newly 

discovered compounds than ever in the last two decades (Hann & Oprea 2004). 

However, these drugs are often optimised for potency at cellular levels often with 

scant regard for water solubility. As a rough estimate, more than one-third entries in 

U.S Pharmacopoeia is classified as water-insoluble (Pace et al. 1999) and more than
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40% of newly discovered drugs have poor bioavailability that is often associated with 

aqueous insolubility (Prentis, Lis, & Walker 1988).

Strategies to improve water solubility of a drug have enabled successful 

commercialisation of many water insoluble drugs. These traditional methods include 

alteration of the chemical structure of the drug, forming a salt, modification of the 

lattice structure or crystallinity, or by forming emulsions with the aid of solubilising 

agents or surfactants. There are certain drawbacks to these methods however. For 

example modification of lattice structure to decrease crystallinity may temporarily 

enhance solubility but the resulting amorphous form is thermodynamically unstable 

and can revert to the crystalline state; alteration of chemical structure to enhance 

water solubility may inadvertently reduce its pharmacological activity by lowering the 

affinity of the drug for its receptor; the use of surfactants and solubilising agents can 

introduce toxicity at high concentrations and therefore can limit its clinical 

application.

The traditional methods may have satisfied the need for improving water solubility 

but in the chemotherapy arena, water solubility alone is not enough. Due to the 

toxicity of these potent compounds, exposure of non-targeted tissues to a cytotoxic 

drug should ideally be minimised. To meet these demands, recent approaches have 

focussed on passive and active targeting of the cytotoxic compounds by delivery 

vehicles. The use of advanced material such as polymers and lipids have enabled the 

fabrication of a plethora of nanocarriers such as polymeric micelles, liposomes, 

dendrimers which can confer not only water solubility but also passive targeting and 

controlled and prolonged release of a drug in vivo. Below is an overview of 

solubilising techniques including both the traditional methods and the more recent 

delivery systems with examples of applications.

16



1.2. Drug delivery systems

1.2.1. Micelles and polymeric micelles

1.2.1.1. Micelles

A micelle is “a eolleetion of amphiphilic surfactant molecules that spontaneously 

aggregate in water into a (usually) spherical vesicle” above the critical micelle 

concentration (CMC) (Husseini & Pitt 2008). Micelle formation occurs as a result of 

super-saturation of surfactants at the polar/non-polar interfaces where surfactants self

associate in order to minimise contacts between the hydrophobic regions and the 

aqueous environment, creating a hydrophobic inner core where hydrophobic 

compounds can be incorporated (Zhao, Li, & Yalkowsky 1999).

The formation of micelles occurs at a critical concentration of surfactants better 

known the critical micelle concentration (CMC) below which the surfactant molecules 

exist predominantly as monomeric units. Knowledge of the CMC of the surfactant 

system is important in the design of a micellar-based formulation because it can be 

used to control the onset of micellisation. The CMC values of surfactants often 

depend on the properties of the surfactant. For example, surfactants with long 

hydrocarbon chains have low CMC values whilst ionic surfactants have higher CMC 

values than nonionic surfactants (the electrostatie repulsion of the eharged head 

groups in the former makes micellisation difficult); and anionic surfactants tend to 

have very low CMC values due to the charged and bulky hydrophilic head groups 

(Constantinides & Steim 1985).

Where the drug (solute) resides within the micellar system depends on its overall 

strueture (Mukerjee 1979). As a rule, non polar solutes tend to locate in the 

hydrocarbon core whilst solutes of amphiphilic nature orientate so that the 

hydrophobic groups are dissolved in the hydrocarbon core with the hydrophilic head 

groups point towards the surface. Micellar systems composed of two or more 

surfactants may also be considered in the development stage as systems of mixed 

micelles could be more advantageous due to synergism and high solubilisation
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potential for lipophilic drugs. (Gao, Fain, & Rapoport 2005). This in turn reduces the 

total amount of surfactants required and costs in the development. As an example, 

mixed micelles made of Pluronic P I05 (PI05) and poly(ethylene glycol)- 

phosphatidyl ethanolamine conjugate (PEG-PE) were shown to be more stable than 

pure Pluronic micelles upon dilution (Li & Tan 2008).

Despite the benefits in formulating poorly soluble drugs using micellar systems, there 

are however disadvantages with these surfactant-based systems, mainly the surfactant- 

related toxicity and low drug load (Lawrence 1994). Toxicity occurs as a result of the 

surfactant(s) interacting with biological membranes and is proportional to the 

concentration of surfactant used in a formulation. Generally, cationic surfactants are 

the most toxic followed by anionic and non-ionic surfactants (Lieberman, Reiger, & 

Banker 1996). Recently, there is a movement towards substituting conventional 

surfactants for safer alternatives that are based on polymers.

On the drug application front, there are examples of drug compounds that are 

formulated based on conventional surfactants. Due to limited solubilising capability 

of these systems, only highly potent drugs have been considered for formulation in 

this way. Examples of these include the clinically used anticancer agent paclitaxel 

(Taxol® Injection) and the immunosuppressant cyclosporine (Sandimmune® 

Injection). These are formulated as concentrates, which when diluted prior to use, 

form micelles.

1.2.1.2. Polymeric micelles

Recently, polymeric micelles have become a focus as a delivery system for poorly 

water-soluble drugs such as anticancer agents. Polymeric micelles are typically made 

of a copolymer of amphiphilic nature which self-assembles spontaneously in water. 

The structures of copolymers vary widely including random, graft, block copolymers 

and star copolymers (Kazunori et al. 1993). Most polymeric micelles consist of the 

configuration A-B block where the A segment (hydrophilic) forms the outer shell and 

the B segment (hydrophobic) the core which serves a reservoir for the hydrophobic 

drug either by chemical conjugation (Yokoyama et al. 1992) or through the
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association o f two oppositely charged polyions (Harada & Kataoka 1998). The 

formation o f  polym erie micelles is a result o f  two forces: the attractive force prom otes 

the association o f molecules whilst the repulsive force limits the growth o f  the 

m icelles to a m acroscopie scale (Astafieva, Zhong, & Eisenberg 1993). At critical 

micelle concentration, the attractive force arises from the interaetion o f  the 

hydrophobic segments o f  the eopolym er which start to self-associate in order to avoid 

contact with the aqueous medium resulting in a hydrocarbon core surrounded by polar 

or ionic groups. The repulsive force is the result o f  either eleetrostatie interaction 

between ionic head groups (in am phiphiles containing ionic headgroups) or the 

preference for hydration (in am phiphiles containing non-ionic head groups) (Price 

1983).

Amphiphilic AB 
Block Copolymer

Hydrophilicity (k)

Hydrophobici ty 
fLipophllicity) (B)

Aggregation

Polymeric micelle 
anticancer drug

Anticancer drugs (inner core)

Anphiphilic Block Copolymer (outer shell)

F igure 1 Polym eric m icelle  delivering an ticancer drugs

A diagram m atic representation o f water insoluble drug com pounds being delivered by 

polym eric micelles com posed o f bloek eopolymer.

Polymerie micelles offer a num ber o f advantages ineluding small size (<100nm ) 

whieh not only allows them to accum ulate in pathological areas that are leaky 

(tum ours and infarcts) (M aeda et al. 2000) but also affords them a propensity to evade 

scavenging by the mononuclear phagocyte system (M PS), nam ely fixed m acrophages 

o f  the liver and spleen (Kwon & Okano 1996). Typically, polym eric micelles possess
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a dense brush consisting of the hydrophilic segments (e.g poly(ethylene oxide)) which 

prevents adsorption of proteins and adhesion of cells, steps which precede recognition 

and uptake by MPS (Kwon et al. 1994). The nanoscale of polymeric micelles also 

means that simple filtration is all that is required for sterilisation and that potential 

embolism of capillaries is avoided. Other advantages of polymeric micelles include 

reduced toxicity (compared with conventional surfactants) and increased stability in 

vitro due to their low critical micelle concentration (Yokoyama et al. 1993).

Until now, only polymeric micelles for parenteral administration have been studied. 

There are many examples of polymeric micelles formed by physical entrapment. The 

antifungal drug amphotericin B was successfully incorporated in to polymeric 

micelles composed of poly(ethylene glycol)-block-poly(e-caprolactone-co- 

trimethylene-carbonate) and was shown to cause a lower level of haemolytic activity 

though its antifungal activity as measured by MIC was reduced (Vandermeulen et al. 

2006). Similarly, the anticancer drug adriamycin was loaded into polymeric micelles 

composed of poly(y-benzyl L-glutamate)/poly(ethylene oxide) by the dialysis method 

with the resulting micelles demonstrating both equal potency in vitro compared with 

the native drug and improved survivability in vivo (Jeong et al. 2009). Copolymers 

composed of poly(lactide -co-glycolide) (PLGA) and other polymers such as 

poly(ethylene) glycol (PEG) and chitosan are among the most experimented materials 

in the laboratory. The combination of two or three different polymers is a great 

strategy to help create a brand new polymer that emcompasses the desired properties 

of all the polymers employed. For example, doxorubicin is delivered by polymeric 

micelles composed of PLGA-PEG. The copolymer combines the biodegradability of 

PLGA, improved water solubility and steric hindrance to blood components of PEG 

(Yoo & Park 2001). On the other hand, the delivery of curcumin is assisted by a 

system composed of PLGA grafted with chitosan oligosaccharide which provides 

biodegradability, water solubility and targetability (Zhou et al. 2010). In addition to 

the delivery of sparingly water soluble drugs, polymeric micelles have also been 

considered as potential carriers for MRI contrast agent (Shiraishi et al. 2009), 

photosensitizers for photodynamic therapy (Stapert et al. 2000) and as nanocarriers 

for gene therapy (Nishiyama & Kataoka 2006).
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Polymeric micelles generally have great stability in vitro. Dissoeiation of adriamycin- 

loaded polymeric micelles composed of poly(ethylene glycol)-poly(benzyl aspartate- 

69) was found to be low in water and PBS but higher in the presence of rabbit semm 

(Masayuki et al. 1994). This stability was correlated with effieient in vivo antitumour 

activity of adriamycin-loaded polymeric micelles against murine eolon 

adenoearcinoma 26 (Yokoyama et al. 1990). Insoluble drugs delivered by polymerie 

mieelles can be expected to have greater efficieney due to greater specificity, reduced 

toxieity and prolonged systemic circulation (Jones & Leroux 1999). Investigators 

have found intaet polymeric micelles reeovered from plasma several hours after an i.v 

dose (Rolland et al. 1992). Due to the high molecular weight of the polymer which is 

often greater than the renal threshold, drug clearanee from plasma of polymerie 

micelle-incorporated is always low eompared to that of the free drug.

1.2.2. Emulsions, Microemulsions and Nanoemulsions

1.2.2.1. Emulsions

Emulsions are colloidal dispersions eonsisting of two immiseible phases sueh as water 

and oil with an emulsifier as a stabilising agent to eireumvent the eoaleseenee of 

droplets (Mason 1999). Unlike suspensions, emulsions consist of the dispersed phase 

in a continuous phase, the former usually being less dense than the latter. Emulsions 

ean be further divided into single emulsions whieh eomprise of either oil-in-water 

(o/w) or water-in-oil (w/o) and the less used double emulsions where emulsions of 

emulsions eonsisting of either water-in-oil-in-water (w/o/w) or oil-in-water-in-oil 

(o/w/o) constitute the dispersed and continuous phases (Axel, Abraham, & Nissim 

2002). Sinee emulsions have droplets of diameters of more than 100 nm, they tend to 

be opaque in appearance. Thermodynamically speaking, these systems are unstable 

and as a result tend to separate over time. A typieal emulsion eonsists of lipids which 

are either naturally occurring or derivatised. Long and medium-chain triglycerides are 

most commonly used either alone or in combination; the former are sourced from 

soybean oil, saffiower oil and sesame oil whereas the latter from re-esterification of 

fractionated eoconut oil. Stabilisers such as lecithin, sodium deoxyeholate, 

Cremophor® EL, poloxamer 188, and Tween® 20, 40 and 80 are the most frequently
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used for the formulation of parenteral emulsions. Sometimes the choice is dependent 

on the need to control flocculation and small amounts of non-ionic surfactant such as 

/7-decyl-P-d-glucoside are added to minimise this (Aveyard et al. 2002).

Products available on the market as emulsions are numerous and have been available 

for centuries as creams, lotions and ointments. However, the primary concern for 

these products is not solubilising an insoluble drug but rather to enhance the 

penetration of the drug. Examples of water-insoluble drugs that have been marketed 

as emulsions include cyclosporine A (Restasis™) by Allergan for ophthalmic use; 

flurbiprofen (Lipfen®) by Green Cross for analgesia; propofol (Propofol®) by Baxter 

Anaesthesia for use in anaesthesia and vitamins A,D,E and K (Vitalipid®) by Kabi as 

parenteral nutrition (source: BNF, 2010).

1.2.2.2. Microemulsions

The term microemulsion was first introduced in 1959 to describe optically isotropic 

transparent oil and water dispersions (Schulman, Stoeckenius, & Prince 1959). 

Nowadays, a more modem interpretation is provided by Danielsson and Lindman. 

They describe it as ‘a system of water, oil and amphiphile which is a single optically 

isotropic and thermodynamically stable liquid solution.’ (Danielsson & Lindman 

1981). The term microemulsion is misleading because it is suggestive of an emulsion- 

based system when in fact it is not an emulsion itself. This is because there are 

notable differences between the two systems: (1) microemulsions form spontaneously, 

requiring little or no mechanical energy unlike emulsions for which homogenisation is 

crucial; (2) microemulsions form smaller droplets (lO-lOOnm in diameters) 

contributing to the transparency or translucency and do not have the tendency to 

coalesce (Tenjarla 1999); (3) and finally whereas microemulsions are

thermodynamically stable, emulsions are thermodynamically metastable (Strey 1994). 

The structural composition of a microemulsion can vary from oil droplets dispersed in 

an aqueous continuous medium to water droplets dispersed in oily continuous 

medium or as intertwining channels of both oily and aqueous media (Chew et al.

1998). Other components such as cosurfactants may be included to assist the 

microemulsitying process. Nowadays, polyethoxylated non-ionic surfactants have
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replaced alcohol-based cosurfactants because they are pharmaceutically acceptable for 

oral use (Constantinides 1995).

Microemulsions offer alternative techniques for solubilising and formulating many 

poorly water-soluble drugs. There are many examples of products based on 

microemulsion technology on the market including detergents, cosmetics and 

pharmaceuticals. FlexiSol™ microemulsions (Invista) are formulated for aqueous 

cleaning and stripping whilst Solvium is a gel formulation of ibuprofen based on 

microemulsion. On the pharmaceutical front, Neoral (Novartis) is a microemulsion 

preconcentrate which supersedes the original oil-based formulation Sandimmun. 

Neoral is more rapidly absorbed than Sandimmun and is associated with a reduction 

in healthcare costs (Coukell & Plosker 1998). A recent study highlighted the 

versatility of the microemulsion technique: eight out ten poorly water-soluble drug 

compounds were found to be suitable to be formulated as self-microemulsifying drug 

delivery systems (SMEDDS) (Thi et al. 2009).

1.2.2.3. Nanoemulsions

Also referred to as mini-emulsions, submicron emulsions or ultrafine emulsions, 

nano-emulsions are emulsions with an extremely small droplet size (<500nm). 

Although by size definition this overlaps with microemulsions, the frindamental 

difference is where microemulsions are thermodynamically stable, nano-emulsions 

are not (Antonietti & Landfester 2002). Paradoxically, despite being 

thermodynamically unstable, nano-emulsions have great kinetic stability that can last 

for months and can remain unchanged under dilution and even when subjected to 

temperature changes, unlike microemulsions (Anton, Benoit, & Saulnier 2008). 

However, the growing interest in nano-emulsions has not been matched by the output 

of direct applications. This is largely due to the Oswald ripening effect which causes 

diffusions of monomers from the smaller to larger droplets (Lifshitz & Slyozov 1961).

Due to limitations in the stability of nano-emulsions, a revised approach is to prepare 

them shortly before use to ensure stability. In agriculture, water-insoluble pesticides 

are solubilised in a nano-emulsion system and the concentrate is diluted with 50%
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water just before use (Wang et al. 2007). Using the same approach, drugs such as 

ramipril (Shafiq et al. 2007), danazol, halofantrine, probucol (Flemming et al. 2007) 

and cefjpodoxime (Date & Nagarsenker 2007) have been successfully formulated with 

great stability when prepared a few hours before use. Until the instability problem 

caused by the Ostwald ripening mechanism can be overcome, for the time being, the 

applications of nano-emulsion systems are limited to extemporaneous preparations.

As lipids are often used in the formulation of emulsions and microemulsions, 

chemical instability due to hydrolysis (ester bonds) and oxidation (unsaturated lipids) 

can occur. Strategies such as the inclusion of an antioxidant and the use of high purity 

components help minimise chemical instability. As parenteral formulations tend to 

contain large amounts of water, hydrolysis therefore is a real concern as this can cause 

a pH reduction, leading to the generation of free fatty acids.

In addition to the challenges above, physical instability can occur through the 

interaction and migration of hydrophilic components (glycerol, propylene glycol, 

ethanol, and water). Lipid peroxidation of PEG-based surfactants causes physical 

instability due to the reaction between the resulting aldehydes with the gelatine shell 

(if the drug is encapsulated), the latter phenomenon is known to decrease the 

dissolution rate (Gold et al. 1997). Precipitation of the drug may also arise with 

respect to the change in fill. These problems are much more common with semisolid 

formulations as they contain both liquid and solid phases. Crystallisation of the matrix 

is also a possibility and it can lead to drug crystallisation which can affect the drug 

bioavailability in vivo (Mehnert & Mader 2001).

1.2.3. Complexes

The definition of a complex is that of a species consisting of a definite substrate to 

ligand stoichiometry that can be formed in an equilibrium process in a solution or in a 

solid state (Connors & Khossravi 1993). Complexes are classified into two types: (1) 

coordinate complexes where the formation is due to the transfer of a pair of electrons 

between the substrate and ligand and (2) molecular complexes in which the 

interaction between the substrate and ligand is non-covalent. Compared to other
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solubilisation techniques, complexation is considered to be one of the more traditional 

methods. Due to the development of other solubilisation techniques and regulatory 

and patenting issues, complexation methods nowadays are limited mainly to 

cyclodextrins and their derivatives.

The naturally occurring cyclodextrins are cyclic oligosaccharides. The most important 

ones with regard to drug delivery are the a-, P-, and y- types which correspond to 

number of the D-glucose units linked by the a-(l,4 bond) six, seven and eight 

respectively. The cyclodextrin structure is akin to a hollow cone with secondary 

hydroxyl groups located on the outer edge and the primary hydroxyl groups on the 

inner edge of the ring. This molecular cavity can host completely or partially a guest 

molecule (Jullian et al. 2007). The intermolecular interactions between the host and 

guest molecules within the cyclodextrin inclusion complex have been attributed to 

one or more of the following mechanisms: hydrophobic interaction, hydrogen 

bonding interaction. Van der Waals interaction, the release of high energy water from 

the cyclodextrin cavity interaction and the release of conformational strain in a 

cyclodextrin-water adduct (Matsui, Nishioka, & Fujita 1985).

Due to toxicity related to parenteral administration, cyclodextrins have been 

derivatised to overcome these problems. The two most extensively used are the 

hydroxypropyl- P-cyclodextrins and the sulfobutylether- p-cyclodextrins (Roger & 

Valentino 1996). Experimental examples of complexation with cyclodextrins are 

numerous; in general p-cyclodextrins are increasing used to replace traditional toxic 

surfactants. For example, the anticancer agent paclitaxel which is encapsulated in 

amphiphilic p-cyclodextrin nanoparticles proves to be less toxic than the commercial 

delivery vehicle composed of cremaphor/ethanol (Bilensoy et al. 2008). However, one 

of the most clinically successful applications of cyclodextrins to date is Sporanox® 

(itraconazole) marketed by Janssen, a broad-spectrum antifungal agent complexed 

with hydroxypropyl- p-cyclodextrin. It is available both orally as solid and solution 

formulations. More recently, Pfizer introduced into the market the formulation 

Vfend® (voriconazole) in 2005, an antifungal agent in oral and intravenous 

formulations based on sulfobutylether- p-cyclodextrin, followed by the introduction
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into the market of Abilify® Injection (aripiprazole) in 2006, an atypical antipsychotic 

drug licensed for the treatment of schizophrenia.

Dissociation of complexes is a major concern with regard to complexes following 

parenteral administration. This is because firstly, complex formation is an equilibrium 

process of non-covalently bound molecules and upon dilution in the blood this 

equilibrium is disturbed (Cramer & Hettler 1967) and secondly, there is competitive 

displacement of the guest drug from cyclodextrin by plasma proteins which may 

result in the guest drug being replaced by endogenous lipids (Roger & Valentino 

1996). When administered orally however, the drug may also leach out of the 

complex upon dilution in the stomach contents and there is evidence that 

cyclodextrins only serve to increase the apparent solubility and the dissolution rate as 

only the drug is absorbed (Thompson 1997). In oral formulations, cyclodextrins act 

only as carrier materials, assisting the transportation of the insoluble drugs through an 

aqueous medium to the lipophilic absorption surface in the gastrointestinal tracts. 

Thus, the cyclodextrin complexation for orally administered drugs is only successful 

when the rate-limiting step in drug absorption is dissolution of the drug itself and not 

absorption across the gastrointestinal tracts. Drugs with limited lipophilicity such as 

drugs from class 111 and IV would therefore not be suitable for these applications.

1.2.4. Solid dispersions

According to the definition provided by Chiou and Riegelman, solid dispersion is “the 

dispersion of one or more active ingredients in an inert excipient or matrix, where the 

active ingredients could exist in finely crystalline, solubilised, or amorphous states” 

(Chiou & Riegelman 1971). The main advantage of solid dispersions compared with 

conventional dosage forms such as tablets or capsules is a higher dissolution rate and 

consequently enhanced bioavailability of poorly water soluble drugs (Serajuddin 

1999).

Solid dispersion is a useful technique where other approaches have failed. In addition, 

solid dispersion formulations do not require total solubilisation of the incorporated 

drug whilst providing high apparent water solubility. Faster dissolution rates enable
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the drug in solid dispersions to dissolve immediately upon dilution in the biological 

fluids, resulting in a saturated or supersaturated solution for rapid absorption (Leuner 

& Dressman 2000).

1.2.4.1. The amorphous forms

This is a great technique for improving the water solubility of poorly water-soluble 

drug (DiNunzio et al. 2010). Improved water solubility is based on an increased rate 

of dissolution which can be up to a thousand fold increase even for the most water 

insoluble drugs (Leuner & Dressman 2000) and the improved water solubility of an 

amorphous solid dispersion can in turn lead to the improved bioavailability of a drug.

A well-documented problem associated with amorphous solid dispersions is the 

thermodynamic instability which can lead to unpredictable property changes and re

crystallisation of the drug (Ahlneck & Zografi 1990). However, the incorporation of a 

polymer can help provide stability (Hajime & Lynne 2006) via three mechanisms: 

firstly, steric hindrance of association of the drug molecules by the long polymeric 

chain, secondly through an increase in energy barrier for nucléation via the chemical 

interactions between the polymer and the drug molecules (Matsumoto & Zografi

1999) and thirdly through the antiplasticising effect of the polymers (Van den Mooter 

et al. 2001). Amorphous drugs tend to have a higher uptake for water in humid 

conditions. The water acts as a plastisizer resulting in increased mobility and reduced 

glass transition temperature (Weuts et al. 2005). The enhanced physical stability of 

amorphous solid dispersions conferred by the polymer is often attributed to the 

increase in glass transition temperature (Tg) which decreases the propensity for re

crystallisation (Clas et al. 1996). The presence of a polymer not only reduces the 

recrystallisation process but also reduces the final extent of recrystallisation. The 

amount of polymer is critical in promoting amorphous stability and thus it is 

sometimes necessary to increase the amount of polymer in a formulation (Yang, Grey, 

& Doney 2010). Furthermore, it has been demonstrated that certain polymers can 

enhance solution concentrations relative to pure amorphous drug (Gupta, Kakumanu, 

& Bansal 2004) and this phenomenon has been attributed to the inhibition of drug 

crystallisation from the supersaturated solution by the polymer and the promotion of
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increased equilibrium solubility of the drug via complexation with the polymer (Usui 

et al. 1997).

There are numerous examples of drugs which are commercially available in 

amorphous forms. These range from the antilipidaemic agent rosuvastatin (Crestor® 

by AstraZeneca) to the antihypertensive agent quinapril (Pfizer) and the antibiotic 

cefuroxime (GSK). More recently, many drugs are reformulated as the amorphous 

form by the freeze-drying method and they are designed to be orally dispersible. 

Examples of such products include loperamide (Imodium®), donepazil (Aricept®) 

and lansoprazole (Zoton®) to name a few.

1.2.5. Liposomes

The history of liposomes dates back to the 1960s when Alec D. Bangham discovered 

phospholipid vesicles that could self-assemble and could be prepared artificially 

(Bangham, Standish, & Watkins 1965). Although liposomes initially served as models 

for biological membranes, by the early 1970s they were utilised as delivery systems 

for many drug compounds, in particular water-insoluble compounds (Gregoriadis 

1995). As it turns out, many new drug candidates in the anticancer and anti-HIV arena 

are water-insoluble, and the lipophilic phase of the liposomes is conducive to 

delivering these drug compounds due to the environment in which lipid-soluble 

compounds can dissolve.

1.2.5.1. Mechanism of lipid bilayer formation

Liposomes are made up of phospholipids. In water, they self-assemble into colloidal 

particles in order to minimise the unfavourable interactions between the hydrocarbon 

fatty chains and the aqueous phase. The double tails of the phospholipids dictate the 

formation of the lamellar lipid bilayer whereas other surfactants instead form 

micelles. Liposomes are versatile drug carriers in that the hollow interior can serve as 

a cargo depot for hydrophilic drugs whereas lipophilic drugs can be deposited within 

the lipid membranes.
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One of the main drawbacks with liposomal delivery is the basic cost of lipids used for 

liposome preparation and the low practical loading of drug to lipids ratio. Long term 

sterility of liposomes is also a problem because liposomes are not stable at high 

temperatures whilst conventional steam sterilisation is not a suitable technique. 

Therefore, membrane aseptic filtration is employed whereby filters with 0.22 pm 

channels are used to ensure the removal of microorganisms. But this is a cumbersome 

and expensive technique. Other problems concerning liposomes upon storage are 

physical and chemical instability. The physical characteristics of liposomes can 

change over time and need to be monitored. Small unilamellar vesicles may increase 

in size and become multilamellar vesicles via processes such as fusion and 

invagination. In general, liposomes with a surface charge are more stable compared 

with liposomes with neutral surface charge which tend to aggregate (Hemandez- 

Caselles, Villalain, & Gomez-Femandez 1993). Chemical degradation of the lipids 

caused by hydrolysis and oxidation processes can also lead to a decrease in 

encapsulation efficiency and an adverse effect on the liposome stability. The inclusion 

of tocopherol helps to stabilise the liposomes by scavenging the free radicals and by 

specific binding to phospholipid molecules (Hemandez-Caselles, Villalain, & Gomez- 

Femandez 1990).

Notwithstanding the problems associated with the manufacturing of liposomes, 

liposomal delivery has helped realise the potential of many highly promising but 

water-insoluble drugs. With advances in liposomal technology, more and more 

liposomal formulations have been developed and marketed. Presently, some of these 

examples include the antifungal amphotericin B (Ambisome®, Gilead), the anticancer 

drugs doxorubicin (Doxil®, Alza/Tibotec) and daunorubicin (DaunoXome®, Gilead), 

opioid morphine sulphate (Depodur®, SkyePharma/Endo Labs) and the non- 

conventional liposomal formulation cytarabine (DepoCyt®, SkyePharma/Enzon).

1.2.6. Solubilisation based on polymer technology

1.2.6.1. The applications of polymers in drug delivery

The versatility of polymers together with the progress in polymer science has led to an 

explosion in the drug delivery research based on polymeric materials. Biocompatible
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and water-soluble polymers have been used extensively not only to improve water 

solubility but also to optimise pharmacokinetics including controlled release of the 

drug, prolonged release and tissue retention. These strategies are designed to improve 

the drug efficacy as well as lower drug toxicity by minimising exposure to non-target 

tissues (Kopecek et al. 2001). Both biodegradable and non-degradable polymers have 

been employed for the conjugation/delivery of compounds. Polymers based on 

polyesters such as poly(lactic acid), poly(glycolic acid) and their copolymer 

poly(lactic-co-glycolic acid) (PLGA) are among the most studied and applied for the 

purpose of drug delivery. Examples of these include the delivery of antigens in 

poly(lactic acid) microspheres (Conway, Eyles, & Alpar 1997), recombinant hepatitis 

B surface antigen in PLGA microspheres (Feng et al. 2006) and rifampicin in 

chitosan-coated PLGA microparticles (Manca et al. 2008). Pegylation technology has 

brought to the market numerous products including Adagen® (Levy et al. 1988), 

Oncaspar® (Ettinger 1995), PEG-Intron® (Wang et al. 2002), Pegasys® (Matthews 

& McCoy 2004), Somarvert® (Parkinson & Trainer 2000) Neulasta® (Kinstler et al. 

2002) and most recently the chemotherapeutic agent SN-38 linked to multiarm PEG 

groups which has entered Phase II study for metastatic cancer (Zhao et al. 2008). 

Polymers of natural origin include the polysaccharides (chitosan, alginate, starch, 

hyaluronic acid, dextran and chondroitin sulphate), the protein-based polymers 

(collagen, gelatine) and polyamides (poly-e-lysine, poly-y-glutamic acid) have all 

found applications in the drug delivery arena (Malafaya, Silva, & Reis 2007). 

Polyanhydrides are important biomaterials that have been investigated for the delivery 

of many drug compounds, culminating in the now clinically approved Gliladel® 

(polifeprosan 20 with carmustine implant) indicated for treating brain tumours (Brem 

& Lawson 1999).

Apart from the polymeric micelles constructs discussed previously, other novel 

structures such as dendrimers hold much promise for the controlled and targeted 

delivery of therapeutic agents. Amomg these are dendrimers which are nano-scale 

macromolecules characterised by three distinct domains: (i) a central core consisting 

of a single atom or an atomic group (ii) branches of repeating units enamating from 

the core and (iii) terminal functional groups (Caminade, Laurent, & Majorai 2005). 

Dendrimers are exceptional in that they have low polydispersity and high density of
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functional groups as well as well defined shape and multivalency (Liu & Frechet 

1999). The application of dendrimers in drug delivery is still mostly at the 

experimental stage. This is mainly due to their haematological toxicity and 

unpredictable organ accumulation patterns (Duncan & Izzo 2005). Nevertheless, an 

array of biomedical applications has been proposed. These include gene delivery 

(Kukowska-Latallo et al. 1996), targeted chemotherapeutic delivery (Du et al. 2004), 

peptide delivery (Zhao et al. 2004), in vivo diagnostics (Kobayashi et al. 2004) and 

scaffolds for tissue engineering (Duan & Sheardown 2006). Due to reported toxicity 

issues, commercially available dendrimer-based products are mainly confined to 

laboratory use. Examples of these include the two well-known in vitro transfection 

agents Polyfect® and Superfect®. So far, the only commercial product based on 

dendrimer technology in development is Vivagel® (Starpharma). This is a vaginal 

microbicide gel for the prevention of sexually transmitted infections. Clinical trials 

have found it to be safe and well-tolerated and the product is being proposed for the 

prevention of HIV and genital herpes (http://www.starpharma.com/vivagel.asp). 

(Accessed date: 09/10/2010).

Stimuli responsive polymers represent a group of polymers that are designed to 

respond to external signals such as light, pH, temperature and stress in order to mimic 

the non-linear response of biopolymers (DNA, proteins) (Smith, Xu, & McCormick 

2001). A stimuli responsive hydrogel composed of modified oligo(poly(ethylene 

glycol) fumarate) has recently been investigated for delivery of doxorubicin. The 

hydrogel was designed to respond to the pH and ionic strength of the surrounding 

environment, and the drug release was controlled by the ionic strength of the solution 

and charge density of the hydrogel (Dadsetan et al. 2010). The future of this field will 

expand to encompass polymers that respond to other stimuli such as glucose, antigen, 

enzymes and ultrasound (Roy, Cambre, & Sumerlin 2001).

1.2.6.2. Advantages and disadvantages of drug delivery using polymers

There are many benefits in delivering a drug by polymeric constructs. In addition to 

improving the apparent water solubility, the association/conjugation of a drug to 

macromolecules such as polymers favourably enhances the drug’s pharmacokinetics.
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The increased hydrodynamic volume together with reduced renal excretion leads to 

improved biodistribution (Kissel et al. 2001). In cancer chemotherapy, drug-polymer 

conjugates are known to accumulate in tumours and persist longer due to the greater 

permeability of the disordered capillary endothelia towards macromolecules and the 

lack of fiinctional lymphatics in solid tumours. This phenomenon is known as the 

‘enhanced permeability and retention effect’ (Maeda et al. 2000).

Active targeting is also made possible by introducing a targeting moiety onto the 

polymers or other particulate systems for binding to receptors expressed at target site. 

In cancer chemotherapy, the targeting ligand selectively binds to a receptor 

overexpressed by tumour cells. Targeting ligands can either be monoclonal antibodies 

(or antibody fragments) or non-antibody ligands. Antibodies (monoclonal antibodies 

or fragments) such as trastuzumab, bevacizumab or etaracizumab are often used to 

derivatise particulate systems to target a specific receptor involved in cancer cell 

proliferation (Danhier, Feron, & Preat 2010). Non-antibody ligands which have been 

conjugated to polymers include folate (Low & Kularatne 2009), transferrin (Daniels et 

al. 2006) and lectins (Tamara 2004). These ligand- derivatised particulates aim for 

targets that are either overexpressed on tumour cells (Park et al. 2002) or targets that 

are expressed on endothelial cells of tumour blood vessels (Hood et al. 2002). An 

example of this is the recent work by Cirstoiu-Hapca et al, in which they covalently 

coupled humanized monoclonal anti-HER2 antibodies (trastuzumab, Herceptin®) to 

paclitaxel-loaded poly (DL-lactic acid) nanoparticles (NPs-Tx) for the active targeting 

of tumour cells that overexpress HER2 receptors to achieve greater antiproliferative 

at low concentrations of paclitaxel (Cirstoiu-Hapca et al. 2009).

Lysosomotropic delivery is a concept of using agents acting as drug carriers that are 

selectively taken up into the lysosomes of cells (de Duve C. et al. 1974). 

Physiologically soluble polymers are known to be taken up by cells mostly by 

endocytosis (Duncan, Kopecek, & Lloyd 1984) and thus represents an alternative 

pathway for the entry into the cell when it is coupled with a polymer. This type of 

delivery is therefore useful for targeting intracellular pathogens such as bacteria 

(Mycobacterium), viruses (Reovirus) and parasites (Leishmania) which survive within 

the endosomal system. In cancer chemotherapy, lysosomotropic delivery also helps
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minimise non-specific toxicity of a dmg as well as overcome potential resistance 

mechanism.

Finally, other benefits of conjugation of drugs to polymers include improved stability 

in vivo (Monfardini & Veronese 1998), protection against degradation by host 

enzymes (Zalipsky et al. 1995) and in the delivery of proteins, reduced 

immunogenicity (Hinds & Kim 2002).

There are many important issues that need careful consideration with regard to the use 

of polymers in drug delivery. The molecular weight of the polymer influences its 

biodistribution, cellular uptake and renal clearance (Svanovsky et al. 2008). In order 

to gain the benefits of conjugation to polymer, the molecular weight should be greater 

than 25 kDa, any less and it will be cleared too rapidly by renal excretion (Hespe, 

Meier, & Blankwater 1977). Above 40 kDa however, there is little renal clearance and 

thus the polymer should ideally be biodegradable. Polydispersity index is an 

indication of the polymer’s molecular weight distribution (MWD). A broad (MWD) 

can lead to heterogeneity in the biological responses and thus the polymer employed 

should ideally have a low polydispersity index. PEG is one of the most used polymers 

in drug delivery and it is known to have narrow molecular weight distribution. In 

addition, the polymer must remain stable in biological fluids and should not interfere 

with drug-receptor interaction(s). Biological safety of the polymer-drug conjugates 

must be well characterised in order to gain approval by the food and drug authorities.
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1.3. Poly(y-glutamic acid) (PGA)

1.3.1. Introduction to PGA

Natural polymers play a very important role in biological processes in nature, 

performing a diverse set of functions, from assisting in intracellular communication 

and acting as storage reserves to providing structural materials and functioning as 

catalysts (Yu, Dean, & Li 2006). As such, these natural polymers provide ideal 

models that scientists have learnt to appreciate and have begun to mimic. 

Biopolymers are made up of the repeating building blocks, called monomers linked 

together by the same bond throughout. Their biological and physicochemical 

properties are determined fundamentally by the monomers and their sequence. Thus 

these biopolymers offer flexibility and versatility in terms of length and organisation, 

enabling short and long range interactions with other molecules. Since these 

biopolymers have already been used by nature in biological settings, it would 

therefore be logical to use them in fabricating drug delivery vehicles. Drugs packaged 

by such biomaterials would therefore be able to evade many problems associated with 

synthetic materials such as immunogenicity and antigenicity.

Although natural polymers possess the aforementioned properties, polymeric 

materials for use in biomedical applications should possess the appropriate physico

chemical and mechanical properties which sometimes are required for fabrication into 

biomedical devices. In this instance, synthetic polymers are better than natural 

polymers in providing the mechanical strength. These are used in many biomedical 

applications including the cardiovascular system (Dacron® and Teflon®), 

orthopaedics (polyethylene, polypropylene and poly(methy 1 methacrylate)), artificial 

organs (cellulose and polyaerylonitrile) and drug delivery systems. Other advantages 

of synthetic polymers include the control over molecular weight and low 

polydispersity, characteristics which are important in ensuring homogenous biological 

response in drug delivery. Thus, many investigators now look to combine the 

biocompatibility of natural polymers and the mechanical properties of synthetic 

polymers to achieve a composite polymeric material that possesses the desired 

properties.
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Among these naturally-occurring polymers is poly(y-glutamic acid) (PGA), a water- 

soluble polyamino acid. It is biodegradable, biocompatible and non-toxic towards 

humans and the environment. Historically, it has been consumed in the Far Eastern 

countries for centuries as a food additive. PGA consists of optically active D and/or L 

y-glutamic acid monomers linked via amide bonds between the y-carboxyl and a- 

amino groups of adjacent monomers resulting in three stereo-chemically different 

types of PGA: a homopolymer composed of D-glutamate (D-PGA), a homopolymer 

of L-glutamate (L-PGA), and a copolymer composed of D- and L-glutamate units 

(Ashiuchi et al. 2004).

Microbiologically produced PGA’s molecular weights are typically high, spanning 

jfrom 100,000 to over 1,000,000 Da (Multani et al. 1997). PGA possesses multi

functionalities and has proved to be an extremely versatile polymer with a wide-range 

of applications. These include biodegradable substitutes for thermoplastics, fibres, 

films and membranes, hydrogels, flocculants (Yokoi et al. 1996a), heavy metal 

(Inbaraj et al. 2009) and radionuclide binding agents, cryoprotectants, bitterness- 

relieving agents, thickening agents, animal feed additives, humectants, biological 

adhesives, dispersants, enzyme-immobilising materials and lastly many drug delivery 

systems (Richard & Margaritis 2006). From an environmental point of view, PGA can 

be considered a “greew” polymer since it has little impact on the environment. Its 

supply is not oil-dependent and therefore non-finite and most importantly 

inexpensive. Owing to these qualities, it meets the demand of today particularly in the 

pharmaceutical industries which interestingly are lagging behind others in terms of 

“green” technologies and innovations. It is not surprising therefore that PGA has 

received a lot of interest in the last few decades from many industries including 

notably medicine, food and cosmetics.

1.3.2. Production of PGA

PGA was first isolated by Ivanovics and co. as a capsule of Bacillus anthracis which 

was released into the medium upon aging and autolysis of cells (Ivanovics & 

Bruckner 1937). It is commonly found in fermented soybeans, called natto a 

traditional Japanese food often served on rice for breakfast. Bacteria that produce
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PGA as an extracellular viscous material have all been identified to belong to the 

Bacillus genus (Shih, Van, & Chang 2002). Since then PGA has been synthesised 

from glutamate monomers using a number of biocatalysts such as whole cells of 

Bacillus subtilis (natto) (Ogawa et al. 1997), viable cells of E. call cloned with PGA 

synthetase complex-encoding pg^BCA genes (Makoto et al. 2001), enzyme-associated 

cell membranes of B. subtilis subsp. Chungkoojang (Ashiuchi et el. 2004) and B. 

licheniformis ATCC9945 (Thome et al. 1954). PGA productivity is nutrient-dependent 

and the strain used dictates specific nutrient requirements for growth. For example, 

bacteria such as B. subtilis ATCC 9945a (Thome et al. 1954), B. subtilis 1F03335 

(Goto & Kunioka 1992), and B. subtilis F-2-01 (Wu et al. 2006) require L-glutamic 

acid whilst bacteria B. subtilis 5E (Murao 1969), B. subtilis TAM-4 (Ito et al. 1996) 

and B. licheniformis A35 (Cheng, Asada, & Aida 1989) in general use citric acid or 

glucose as major carbon sources. In addition to a requirement for carbon sources, 

other nutrients are also important for optimal productivity of PGA. For example, the 

ionic strength of the medium can be controlled for optimal yield by varying the 

amount of additives such as sodium chloride (Sung et al. 2005) while a high specific 

production rate of PGA was recorded at pH 6.5 and increased aeration also resulted in 

a maximum PGA-specific production rate (Cromwick, Birrer, & Gross 1996). 

Elsewhere, a two-stage pH-shift control strategy in PGA production by B. subtilis 

CGMCC 0833 was proposed where in the first 24 h, pH was controlled at 7.0 in order 

to obtain maximum biomass, and then shifted to 6.5 for high levels of glutamate 

utilization and optimal PGA production (Wu et al. 2010). The production of PGA 

B.licheniformis was also found to be enhanced by the addition of glycerol which was 

thought to have influences on the synthesis of cell membrane phospholipids and their 

ester-linked fatty acids (Du et al. 2005). Recently, it was reported that yield of PGA 

could be improved by chromosomal integration of the Vitreoscilla haemoglobin gene 

{vgb) in B. subtilis (Su et al. 2010).

1.3.3. Molecular weight of PGA

PGA has never been produced chemically as it is almost impossible to synthesise such 

super-high-molecular-weight polymers. PGA produced by Bacillus sp. generally has 

relatively high molecular weight and polydispersity which are reported to be between
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10̂  - 8x10^ and 2 - 5  respectively (Shih & Van 2001). These properties restricted the 

use of the polymer as it became apparent that it was too viscous and too large a 

structure for pharmaceutical applications. Therefore, methods to control the molecular 

weight of PGA have been developed in order to widen its applications. 

Microbiologically produced PGA’s final molecular weight depends on many factors 

and can be controlled by alternating the medium composition. For example, the 

molecular weight of PGA in B. subtilis (chungkookjan) can be modulated by 

controlling the viscosity of the medium by varying the ionic strength of the medium 

by way of the sodium chloride concentration where a low concentration would 

produce high molecular PGA (>2,000kDa) and vice versa (Sung et al. 2005). King et 

al. on the other hand showed that the final molecular weight PGA from Bacillus 

licheniformis 9945a could be reduced by increasing the fermentation time in the 

presence of polyglutamyl y-hydrolase enzyme which was found to be physically 

associated with the polymer (King, Blacker, & Bugg 2000). In situ depolymerisation 

of PGA is another method by which the molecular weight of PGA can be controlled. 

Richard et al. showed that in cell-free fermentation broth of B. subtilis, PGA was 

optimally depolymerised at temperatures between 30-45 °C and pH 7.0-10.0 

(Richard & Margaritis 2006).

Several other methods to reduce the molecular weight of PGA post production have 

also been described in the literature. Goto et al. reported that PGA decreased to half of 

the initial polymer molecular weight (109 kDa and 226 kDa respectively) after 

heating for 180 min at 80^C and the rate of hydrolysis was also higher at lOO^C or 

120^C. In addition, hydrolysis did not take place after 60 min of heating at 80^C (Goto 

& Kunioka 1992). Degradation of PGA can also be carried out by alkaline hydrolysis 

in the presence of sodium hydroxide at temperatures up to 120®C (Kubota, Nambu & 

Endo 1996) or in acidic condition at 121 and 0.1 MPa. Ultrasonic degradation is a 

more recent approach which has been reported to produce PGA of low polydispersity 

(Perez-Camero et al. 1999).
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1.3.4. Physicochemical and biological properties of PGA

PGA appears as a highly hygroscopic, white powder. It dissolves readily in w ater to 

produce a highly viscous solution even at low concentrations. The polym er is highly 

polyanionie over a wide range o f  pH, owing to the low pKa value o f  the a-earboxyl 

groups (pKa 2.19) (Opperm ann, Piekartz, & Steinbuchel 1998).

F ig u re  2 P G A  fo u n d  in F a r  e a s te rn  c u is in e

PGA, a sticky substance found in natto (left) which is often served on rice (right) in 

Japanese cuisine. Source \( http://2010.igeni.Org/Team:Osaka/Project_pga) (Accessed 

on 01/09/2010)

PGA is changeable in m olecular structure, a feature that is dependent on factors such 

as bacterial strains, broth, com ponents, culture conditions and thus it is difficult to 

produce hom ologous PGA m icrobiologically (Shih & Van 2001). PGA is an 

interesting polym er in that like proteins and nucleic acids, it is able to adopt well- 

defined folding patterns, forming stable secondary structures. The structure o f  PGA in 

solution is highly dependent on the pH o f  the solution and hence the degree o f  

ionisation o f  the polymer. In general, m any studies seem to agree that in an unionised 

state, PGA adopts a rod-like form in an a-helix  conform ation whilst it behaves like a 

random coil structure in an ionised state. According to studies based on a com bination 

o f m olecular dynamics and quantum  m echanical calculations o f  poly(y-D -g lu tam ic 

acid) in unionised state; o f  the two possible structures (3 n  helix and 3 19 helix), the 

left-handed 3 19 helix was found to be the most stable conform ation through
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stabilisation by intramolecular hydrogen bonds set between the CO of the amide 

group i and the NH of amide group /+3 (Zanuy, Aleman, & Munoz-Guerra 1998) . 

Studies on mucin produced by B. natto (which was found to be composed of 58% of 

PGA and 40% of polysaccharide) (Saito 1974) indicated the mucin molecule to be a 

random coil at pH 5.0-8.8 and a rod-like structure in a more acidic medium. Other 

authors suggest that solution pH, ionic strength, and polymer concentration all play a 

role in the conformation of PGA (by B. lichenformis), Using attenuated total 

reflectance fourier transform infrared spectroscopy. He et al. showed that at low pH 

and low concentration (0.1% w/v) PGA was protonated and exhibited a helical 

conformation, presumably due to hydrogen bonding whilst at neutral to high pH a 

structural shift to P-form was observed for the deprotonated PGA. Increasing ionic 

strength altered the conformation of PGA from a helical conformation to a mixture of 

helix and P-sheet and then to a predominantly P-sheet conformation. Concentration of 

PGA also had an influence on its preferred conformation: PGA adopted a helical 

conformation at low concentration, while at high concentration it assumed the p-form 

(He, Neu, & Vanderberg 2000). The results from these studies seem to suggest that 

the conformation of microbiologically produced PGA depends not only on ionic 

strength, pH, polymer concentration and temperature but also on the strain from 

which PGA is produced.

The degree of hydrolysis of PGA in aqueous solution was found to be insignificant at 

30^C but could be accelerated by increasing the temperature (Goto & Kunioka 1992). 

This degradation was found to be acid-catalysed because the polymer hardly degraded 

when incubated in mineral medium at pH 7 even after 60 days and only degraded by 

13% at pH 10 (Fan, Gonzales, & Sevoian 1996). In contrast, PGA is known to be 

resistant to mild acid conditions (Weber 1990).

PGA is also shown to be stable against various proteases, notably the D-enantionmer 

produced by B. licheniformis ATCC9945 was found to be resistant to all proteases 

tested (Troy 1985). PGA is known to be susceptible to various lysosomal enzymes, 

most probably cysteine proteases, particularly B cathepsins (Kishore et al. 1990).
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Figure 3 Structures of (A) poIy(Y-glutamic acid) and (B) (po!y(a-glutamic acid)

Poly(y-glutamic acid) is a naturally-occurring polymer whilst poly(a-glutamic acid) is 

synthetically produced.

It is worth mentioning poly(a-glutamic acid) (PAGA), a related polymer but 

structurally different to PGA. PAGA is composed of naturally occurring L-glutamic 

acids linked together through amide bonds between the a-carbonyl and a-amino 

groups of adjacent monomers. Like PGA, this polymer is negatively charged at 

neutral pH (which confers its water solubility) and is also biodegradable, 

biocompatible and non-toxic towards humans. PAGA is chemically synthesised and 

thus its molecular weights can be suitably controlled, making it more approppriate for 

drug delivery. However, this synthetic route has many drawbacks, principally 

complex chemistry and hence high costs.

PAGA is usually prepared by removing the benzyl protecting group from poly(y- 

benzyl-L-glutamate) by the use of hydrogen bromide (Idelson & Blout 1958). Poly(y- 

benzyl-L-glutamate) itself is prepared by the polymerisation of N-carboxyanhydride 

of y-benzyl-L-glutamate using trimethylamine as initiator (Block 1983). Other 

protecting groups such as piperonyl may be chosen in order to create milder reaction 

conditions (Hanby, Waley, & Watson 1950). Overall, the chemistry is complex and 

involves the use of harsh solvents such as toluene, dioxane, chlorinated alkanes and 

toxic gases such as phosgene which requires extraordinary safety measures to contain 

it.
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Figure 4 Chemical synthesis of poly(a-glutamic acid)

The final step in the synthesis of poly(a-glutamic acid) with the benzyl protecting 

group removed from poly(y-benzyl-L-glutamate) by hydrogen bromide

1.3.5. Biological safety of PGA

Despite the fact that PGA has been consumed for centuries by humans and thus is 

deemed to be a safe biomaterial, its toxicity profile has only been recently compiled. 

The evaluation of PGA toxicity on the human B-cell line EHRB and on mice showed 

no toxic effect on the EHRB cells at 20 mg/1, and a weak effect at 100 mg/1. 

Furthermore, the administration of PGA injections failed to illicit any sign of toxicity 

(Prodhomme et al. 2003). In the development of PGA for use in cosmetics, 

BioLeaders Corp. (Korea) investigated the toxicity of PGA produced by B. subtilis 

(chungkookjang) and found that Balb/c mice orally administered with PGA (MW = 

2,000 kDa) at 2.5g/kg did not show any clinical signs throughout the 14 day 

experiment. There were no statistically significant differences in clinical signs, body- 

weight or pathological changes between the treated and the control groups (Sung et al. 

2005). Furthermore, repeated oral administration of PGA to both male and female rats 

at 2g/kg for 13 weeks resulted only in diarrhoea, soft stool and an increase in blood- 

chemistry value (blood-urea-nitrogen) in male rats only although these effects were 

deemed to be reversible and of no toxicological importance. In addition, extensive 

studies into in vivo micronucleus, in vitro chromosome aberration, bacterial reverse- 

mutation, cumulative skin-irritation, photosensitisation, and eye-irritation
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demonstrated that PGA (>2,000 kDa) had little impact and was considered to be a 

safe biomaterial (Poo et al. 2010).

As there is yet little information on the biodistribution pattern of PGA, data obtained 

from studies on PAGA however could be reasonably used to provide some 

information on the biodistribution behaviour of PGA. One study found that PAGA of 

molecular weights of around 11,000 was mostly recovered in the kidneys and urine 

(Akamatsu et al. 1999). PAGA modified with other polymers displayed markedly 

different patterns of distribution, depending upon the type of grafted polymer. PAGA 

when grafted with hydrophilic polymer was removed from the body via the renal 

route with very little deposition in the cells of the reticuloendothelial system (Bayley 

et al. 1993). PAGA also has very little effect on the fibrinolytic system when 

compared with other amino acids (Sumi, Kawabe, & Nakajima 1992). Since PGA and 

PAGA share many physical and biological similarities, it is reasonable to therefore 

speculate that they also share similar patterns of biodistribution. On the whole, the 

properties of the material used for drug delivery would depend on the composition, 

size of the carrier, the drug as well as the degree of polymer modification.

1.3.6. Applications of PGA

1.3.6.1. PGA in the food industries

PGA has been consumed for over 1000 years in Japan in the form of natto, a 

traditional staple made from soybeans which have undergone a fermentation process 

by B. subtilis. Apart from serving a food source, many health benefits have been 

claimed for natto, most notably its ability to prevent stroke and heart attacks due to 

the presence of nattokinase and pyrazine and these claims are substantiated by clinical 

studies (Fujita et al. 1993). Over in Korea, PGA appears in doenjang, a highly salty 

seasoning paste isolated from B. subtilis {chungkookjang) most popular in the Andong 

province. South Korea (Sung et al. 2005). In its monomer form as monosodium 

glutamate (MSG), it is used in cooking as a flavour enhancer. MSG was first 

introduced into the US market in 1947 and over 1.5 million tonnes were consumed in 

2001 alone (Sand 2005).
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Applications of PGA in the food industries have been reported over the past few 

decades. It was patented for use as a stabiliser in ice cream in the 1970s (Daninippon 

Pharmaceutieal Co 1972) and as preservative in bakery and noodles in the 1980s 

(Kunno 1988). Of more recent applications, PGA has been found to have a high 

bitterness-relieving capacity (Sakai 2000) and in the farming industry, feeds 

containing PGA are claimed to have a wide-ranging benefits including increased 

absorption of minerals and strength of egg shells and decreased accumulation of body 

fat (Tanimoto 2000). Both of these applications were patented in 2000. Elsewhere, 

PGA from B. licheniformis with molecular weight range below 20,000 has been 

shown to have a higher antifreeze activity than that of glucose (Mitsuiki et al. 1998).

1.3.6.2. PGA in the cosmetic industries

PGA is noted for its humectant properties and has been considered for applications in 

the cosmetic industries. The connective tissues in the human skin are composed of 

collagen, hyaluronic acid and polysaccharide which provide support and elasticity for 

the skin. PGA is thought to inhibit the action of hyaluronidases thereby preventing 

the breakdown of hyaluronic acid and as a result the skin elastieity is maintained 

(Sung 2008).

Recently, a patent has been filed for a hydrogel containing PGA which is prepared by 

cross-linking the PGA salt solution through irradiation of gamma rays (Sung et al. 

2009). This hydrogel is reported to be non-toxic, highly hygroscopic and has a high 

water absorption rate and thus it can potentially be used as effective moisturising 

agent in numerous cosmetic formulations.

1.3.6.3. PGA and environmental applications

In the management of waste water and industrial processes, flocculants are often 

employed to promote aggregation of colloids in order to improve the sedimentation or 

filterability of small particles. Among the existing flocculants that include inorganic 

flocculants (aluminium sulphate and polyaluminum chloride), organic synthetic
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polymer flocculants (polyacrylic acids, polyethylene iminc and polyacrylamide 

derivatives) and naturally occurring biopolymcr flocculants (chitosan and alginate), 

the organic synthetic polymer flocculants arc most frequently used. Although highly 

effective, they pose threats to the environment and humans due to their poor 

degradation and intermediate by-products (Taniguchi et al. 2005). PGA on the other 

hand is biodegradable and its side products are non-toxic towards both the 

environment and humans. According to recent research it has shown great promise as 

a potential environmentally friendly flocculant. PGA obtained from a culture of B. 

subtilis was shown to have a high flocculating activity towards various inorganic 

suspensions of active carbon, clay, solid soil, calcium and magnesium compounds as 

well as organic suspensions such as cellulose and yeast (Yokoi et al. 1996). B. 

licheniformis CCRC 12826 that produces PGA has also demonstrated the ability to 

flocculate various organic and inorganic suspensions efficiently and most efficiently 

when synergistically stimulated by the addition of bivalent or trivalent cations Ca^ ,̂ 

Fe^  ̂ and Al^^ (Shih et al. 2001). The authors concluded that compared with 

commercial products, PGA not only has a higher flocculating activity but is effective 

against a wide range of organic and inorganic compounds, properties which makes it a 

versatile commercial flocculating product that could be applied in many industries.

Elsewhere, cross-linked PGA, which was prepared using PGA irradiated with y-ray at 

20 kGy was shown to markedly purify polluted water collected from rivers and ponds 

by flocculation and precipitation (Taniguchi et al. 2005). The authors attributed the 

mode of action to the electrostatic interaction between PGA with polyaluminium 

chloride (used in the pre-treatment process), and the surface of polluted water 

components which results in the neutralisation of the zeta-potential of those 

components.

1.3.6.4. Biomedical applications of PGA

In surgery, suturing is almost always required for wound closure in order to promote 

tissue adhesion and to prevent blood loss. However, in cases where there is excessive 

or continuous bleeding, this technique in itself is not adequate and often requires 

biological adhesives. Available for clinical use are synthetic and semi-synthetic
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surgical adhesives such as cyanoacrylate, urethane prepolymers and the most widely 

used fibrin glue. However, there are limitations to these adhesives which include 

cytotoxicity, low degradation rates, chronic inflammation release of their degradation 

products, poor adhesion properties and low mechanical strength (Shih & Van 2001). 

PGA cross-linked with gelatine has recently been proposed as a new biological 

adhesive which is both biodegradable and non-toxic and have been shown to be better 

than fibrin glue in terms of adhesion and haemostatic capabilities (Otani, Tabata, & 

Dcada 1996). Polyelectrolyte complexes consisting of chitosan as a cationic 

polyelectrolyte and PGA as an anionic polyelectrolyte have recently been proposed as 

a potential wound dressing material (Tsao et al. 2011). They demonstrated good 

mechanical properties, provided suitable moisture and helped achieve more than 50% 

of re-epithelialisation and regeneration of the wound.

In the tissue-engineering arena, poly(y-glutamic acid)-sulfonate hydrogel with 

fibroblast growth factor (FGF)-2 was heralded as a novel, next-generation tissue- 

engineering material (Matsusaki et al. 2005). This construct exhibited high cell 

adhesion and proliferation activities. Studies comparing matrices made of chitosan 

alone against composite matrices composed of PGA and chitosan revealed that the 

composite biomaterial provides a better environment for cell attachment and 

proliferation and hence tripled cell density compared with unmodified chitosan 

matrices on day 5 (Hsieh et al. 2005). Recent innovations include scaffolds made 

from the composite biomaterial poly(y-glutamic acid)-graft-chondroitin sulfate-blend- 

poly(e-caprolactone) for cartilage tissue engineering (Chang et al. 2009). Their results 

show these scaffolds to have had increased mechanical stability and exhibited 

excellent biodégradation and biocompatibility for chondrocytes. Thus, they could 

potentially be used as temporary substitutes for articular cartilage regeneration in 

tissue engineering.

1.3.7. PGA in drug delivery

From the chemistry point of view, PGA is a versatile polymer as it possesses the 

carboxyl groups on the side chains, offering numerous opportunities for modification 

and conjugation of chemotherapeutic agents. Conjugation with a water soluble
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polymer such as PGA not only helps solubilise water-insoluble drugs but also alter 

the pharmacokinetic and pharmacokinetic profiles of such drugs by imparting some of 

the polymer’s characteristics. Due to its macromolecular size, the polymer-drug 

conjugate is able to evade the renal filtration and thus tends to have a much longer 

physiological half-life. The result is an enhanced uptake due to a longer retention in 

tumours than in normal tissues. This phenomenon is termed the ‘Enhanced 

Permeability and Retention Effect (EPR), which describes the greater permeability of 

the disordered capillary endothelia in tumours towards macromolecules and the 

absence of lymphatic drainage in these solid tumours (Maeda & Matsumura 1989). 

The envisaged PGA-drug conjugate therefore can theoretically enter the target sites 

and release the active drug overtime as it slowly degrades by the actions of various 

enzymes and the mildly acidic conditions in the endosomes.

1.3.7.1. Protein delivery

Currently, the only routes of administration for proteins and peptides are parenteral 

injections or infusions. Although these methods are invasive, inconvenient and 

expensive, they still represent the only routes of administration. Oral delivery of 

proteins on the other hand still remains elusive despite great efforts to developing a 

successful oral application. This failure is largely due to the inherent physical and 

chemical instability of proteins in the hostile gastric and intestinal environments 

which often results in degradation prior to absorption. At the forefront of the research 

is the use of polymeric nanoparticles which are noted for their greater stability in the 

intestinal tract as well as submicron size and versatility.

Extensive research has shown that the encapsulation of proteins into nanocarriers can 

protect the proteins and enhance cellular transport (Blanco & Alonso 1998), (Scott 

1998). Akagi et al. studied the delivery of protein using polymers. Self-assembled 

nanoparticles composed of PGA and 1-phenylalanine ethylester (1-PAE) were 

synthesised by grafting 1-PAE to PGA using water-soluble carbodiimide (WSC). 

Ovalbumin (OVA) as a model protein was loaded into nanoparticles either by surface 

immobilization via activation of the carboxyl of PGA groups with WSC or by 

encapsulation method via mixing of OVA with the grafted polymer. Cytotoxicity tests

46



showed that the nanoparticles were non-toxic to cells and that these biodegradable 

PGA nanoparticles could potentially serve as delivery vehicles for proteins, peptides, 

plasmid DNA (Akagi et al. 2005b). A novel drug delivery system consisting of a 

vanadyl-PGA complex system which mimics the action of insulin has recently been 

proposed for treating type 1 diabetic animals. Vanadyl sulphate has been shown to 

reduce hyperglycaemia and insulin resistance in diabetic patients (Jentjens & 

Jeukendrup 2002). The complex demonstrated a significant hypoglycaemic activity 

within 4 h after a single oral administration, which lasted for more than 24 h. In 

hyperglycaemic mice, the complex normalised the plasma glucose level within 3 days 

when given orally at doses of 5-10 mg V kg ’ body mass for 16 days. The results 

fi'om oral glucose tolerance tests, HbAlc levels, and blood pressure indicated a 

significant improvement in diabetes (Karmaker et al. 2006).

Insulin therapy is often compromised by the need for daily subcutaneous injections 

leading to poor patient complicance. Oral insulin administration is the preferred route 

but it is encountered with many difficulties due to many barriers in the gastrointestinal 

tract (Khafagy et al. 2007). Sonaje et al. showed that susceptibility of insulin to the 

gastric acid can be overcome by loading insulin into nanoparticles composed of PGA 

and chitosan. The pH-sensitive nanoparticulate system managed to protect the insulin 

from the acidic environment and released the insulin in the proximal segment of the 

small intestine. Overall, the intestinal absorption of insulin was enhanced and 

reduction in blood glucose levels prolonged (Sonaje et al. 2010b).

1.3.7.2. Gene delivery

The quest for a suitable vector for gene delivery has shifted from viral to non-viral in 

recent years. Although viral vectors are known to be more efficient than non-viral 

vectors in terms of gene transfer efficiency, the latter have a number of advantages 

including low immunogenicity, the absence of endogenous virus recombination, high 

capacity for DNA packaging, low production costs and greater reproducibility (Lee 

& Kim 2005). Among the non-viral vectors based on polymers, chitosan is one of the 

most popular polymers used in this field. Although chitosan alone as the delivery 

vehicle material has succeeded in protecting and trafficking of genetic contents.
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intracellular release appears to be a stumbling block. In order to overcome this 

problem, researchers have incorporated a biodegradable polymer such as PGA to 

assist release of gene/DNA/siRNA from the chitosan-based complex. Liao et al. for 

example prepared ternary chitosan/siRNA/PGA complexes which unlike the 

chitosan/siRNA binary counterparts, unpacked in the cytosolic environment, releasing 

siRNA. Moreover, their cellular uptake was significantly enhanced compared with the 

binary systems and in the gene silencing study, the inclusion of PGA into complexes 

enhanced SiRNA inhibition efficiency and prolonged the duration of gene silencing. 

(Liao et al. 2010). In a separate study, Peng et al. also incorporated PGA into 

chitosan/DNA complexes which according to small angle X-ray scattering analysis 

yielded two types of domains. These disintegrated following cellular internalisation 

into smaller sub-particles resulting in improved dissociation of DNA from chitosan 

thus improving the dissociation capacity of chitosan and DNA leading to enhanced 

transfection efficiency. Similar to the aforementioned study, the incorporation of PGA 

into chitosan/DNA complexes significantly enhanced their cellular uptake (Peng et 

al.). These authors separately concluded that PGA helped increase transfection 

efficiency by both enhancing the cellular uptake and unpackaging the complexes upon 

cell entry.

PGA has also been employed as a coating material for efficient but cytotoxic cationic 

gene delivery vectors. Kurosaki et al., showed that while pDNA-loaded cationic 

vectors such as poly-L-arginine hydrochloride, poly-L-lysine hydrobromide, N-[l-(2, 

3-dioleyloxy) propyl]-N, N, N-trimethylammonium chloride-cholesterol liposomes, 

showed high gene expression but with strong cytotoxicity in melanoma B16-F10 

cells, the PGA-coated counterparts on the other hand yielded in high gene expression 

without cytotoxicity and toxicities to the erythrocytes (Kurosaki et al. 2010).

13.7.3. Vaccine delivery

Vaccination elicits a strong immune response that provides long term protection 

against infection. Often an adjuvant is included in the vaccine to ensure effectiveness 

of the vaccine by enhancing the immunogenicity and efficacy of antigens or as 

antigen delivery systems for improved uptake of antigens by the mucosa (Petrovsky &
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Aguilar 2004). Modem day vaccines arc generally either pure recombinant or 

synthetic antigens. They however are far less immunogenic than live or killed whole 

organism vaccines. While alum has been solely used as an effective adjuvant in the 

last 80 years; alum’s limited capacity to stimulate cellular (Thl) immune responses 

and local side effects has called for more powerfiil adjuvants for use in these vaccines.

Researchers have been experimenting with PGA as a vaccine adjuvant for a number 

of years. Since it has a proven record for use in human as a safe, natural material, its 

use as an adjuvant would therefore be ideal. Okamoto et al. examined intranasal 

administration of the influenza vims hemagglutinin vaccine with PGA nanoparticles 

in mice and found that it induced cell-mediated immune responses and neutralising 

antibody production. The authors concluded that PGA may have potential for clinical 

applications as a mucosal adjuvant (Okamoto et al. 2009). The same group of 

researchers also looked at the feasibility of PGA as an adjuvant in the Japanese 

encephalitis vaccine, which normally requires repeated doses. They evaluated the 

efficacy of a single-dose vaccination in mice to which the vaccine was given with 

PGA. With just a single dose, it was found that the neutralizing antibody titre was 

enhanced and all of the immunized mice survived. This compared well against the 

other group of mice immunized without PGA where only 50% of the mice survive. In 

the same study PGA showed similar levels of enhanced efficacy as that of aluminium 

as an adjuvant (Okamoto et al. 2008).

1.3.7.4. Anticancer drug delivery

Chemotherapy in general is of limited value in the treatment of cancer due to dose- 

limiting toxicity which is often a result of the drug’s interaction with non-target 

tissues. In addition to the non-selectivity problem, most potent anticancer drugs have 

little aqueous solubility; a problem which has hampered the development of cancer 

chemotherapy thus far. Due to the altered physiological state of the solid tumour 

whose capillary endothelia have become disordered and whose lymphatic networks 

have become dysfiinctioned, it was realised that drug conjugates of a particular size 

could have greater permeability thanks to a greater extravasation capacity (Maeda & 

Matsumura 1989). If an anticancer drug is conjugated with a polymer such as PGA
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which can confer water solubility then this phenomenon can be exploited. It is 

interesting to note that PGA of high molecular weight such as 2,000 kDa acts as an 

anticancer agent in its own right. As shown by Kim et a l, PGA of 10, 100 or 2,000 

kDa from B. subtilis (chungkookjang) was orally administered to C57BL/6 mice and 

the highest levels of NK cell-mediated cytotoxicity and EFN-y secretion were 

observed in mice treated with 2,000 kDa. Due to the demonstrated ability of PGA to 

initiate immune responses, the authors concluded that it may potentially be a new 

therapeutic agent for cancer and other immune modulating diseases (Kim et al. 2007).

The anticancer agent cw-dichlorodiammineplatinum (II) (CDDP) was conjugated with 

PGA of molecular weight 45-60 kDa and examined for its antitumour activity and 

cytotoxicity. Although, PGA-CDDP was less potent than free CDDP at inhibiting cell 

growth in the Bcap-37 cell line in vitro, the drug/polymer conjugate showed stronger 

antitumor activity, less toxic in vivo and produced a greater survival of mice bearing 

Bcap-37 cells with no body weight loss when compared with the native drug. These 

findings suggest the drug conjugate benefited from the EPR effect in vivo and that 

PGA may be used as a safe and effective drug carrier (Ye et al. 2006).

PGA has been grafted with other polymers for more tailored applications in drug 

delivery. For example, it was grafted with poly(lactide) in order to form self

assembled nanoparticles which were then loaded with the anticancer agent paclitaxel 

and the targeting ligand galactosamine. Studies in nude mice showed that among all 

studied groups, the group injected with the PGA/paclitaxel/galactosamine conjugate 

showed a higher efficacy in reducing the tumour size compared with the 

commercially available paclitaxel product, Phyxol. The authors attributed the higher 

efficacy of the drug conjugate to the higher accumulation at the tumour site (Liang et 

al. 2006).
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Table 1 Applications of PGA in drug delivery

Drug category Drug/molecule Type of 
construct Action Reference

Ovalbumin Nanoparticles Capture and retain 
protein activity

(Akagi et al. 
2005)

Proteins Insulin-mimetic
vanadyl-PGA

Complex Hypoglycaemic
activity>24h

(Karmaker et al. 
2006)

Insulin Nanoparticles Oral bioavailability 
of insulin -20%

(Sonaje et al. 
2010)

Genetic
materials

SiRNA

pDNA

Chitosan/PGA
Complex

PGA-coated
complexes

Enhanced cellular 
uptake of siRNA

High transfection 
efficiency, non
toxic

(Liao et al. 2005)

(Kurosaki et al. 
2010)

Influenza virus 
hemagglutinin

Nanoparticle
adjuvant

Intranasal delivery, 
enhanced activity.

(Okamoto et al. 
2009)

Vaccines Japanese 
encephalitis virus

Nanoparticle
adjuvant

Effect achieved 
with a single dose.

(Okamoto et al. 
2008)

2,000 kDa PGA Oral powder Mediate immunity (Kim et al. 2007)

Anticancer
Drugs

Cisplatin Complex Higher antitumor 
activity and less 
toxic than cisplatin
in vivo.

(Ye et al. 2006)

Paclitaxel PGA/poly(lactide)
Nanoparticles

Greater tumour 
reduction 
compared with 
Phyxol®.

(Liang et al. 2006)

Doxorubicin Complex pH-triggered 
release of drug at 
acidic pH.

(Manocha & 
Margaritis 2010)

Formation of a polymer/drug conjugate can also be induced through ionic

interactions. According to Manocha and Margaritis, the anticancer agent doxorubicin 

interacts with PGA to form random colloidal aggregates, resulting in almost 100% 

complexation efficiency. Drug release studies in vitro also demonstrate that while
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these complexes were stable at neutral pH, they slowly unravelled under acidic pH 

environments, facilitating a pH-triggered release of doxorubicin from the complex. 

The authors suggest that PGA could be used to form ionic complexes with cationic 

drugs such as doxorubicin, in order to improve the drug solubility and serve as a drug 

carrier for pH responsive controlled release of doxorubicin in cancer chemotherapy 

(Manocha & Margaritis 2010).

1.3.8. Applications of poly(a-gIutamic acid) (PAGA)

The application of PAGA in drug delivery is even more popular than PGA probably 

not only because it is available in the low molecular weight range with low 

polydispersity but also it is easier to chemically modify PAGA than PGA due to the 

position of the pendant carboxylic groups. Numerous applications of PAGA can be 

found in the literature. These range from gene delivery (Wang et al. 2010) (Dekie et 

al. 2000) to bioadhesives (Otani, Tabata, & Ikada 1996), and anticancer drug delivery 

(see below).

Due to the almost identical structures of the two polymers - they after all share the 

same basic constituent i.e. glutamic acid - many researchers believe that PGA would 

be interchangeable with PAGA in drug delivery. Although a thorough examination of 

PAGA’s properties and development is outside the scope of this study, some of the 

developed anticancer conjugates based on PAGA are discussed briefly below.

1.3.8.1. Ara-C conjugates

Four types of 1 -beta-D-arabinofuranosylcytosine (ara-C) conjugates were prepared 

with either PAGA or poly-N5-(2-hydroxyethyl)-L-glutamine (PHEG). In comparison 

with unconjugated ara-C, studies in vitro showed that the conjugates had reduced 

cytotoxicity against L1210 cells whilst studies in vivo all of the conjugates, except one 

had greater antitumour activity in L1210 tumour-bearing BALB/c X DBA/2 F. The 

largest antitumour activity was recorded for ara-C:PHEG at a dosage of 50 mg 

(equivalent ara-C per kg). As an illustration of the improved cytotoxicity in tumour-
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bearing mice, injections of only 3.2 mg/kg (equivalent ara-C) of ara-C:PHEG had 

similar anti tumour activity to that of unconjugated ara-C which required injections of 

400 mg/kg (Kato et al. 1984).

1.3.8.2. Mitomycin C, daunomycin and adriamycin conjugates

In an attempt to deliver anticancer drugs selectively to the tumour cells, three 

anticancer drugs daunomycin (DM), adriamycin (AM) and mitomycin C (MMC) were 

chemically linked to either polyclonal or monoclonal anti alpha-fetoprotein antibody 

(aAFP) with either dextran or PAGA as an intermediate drug carrier. These 

conjugates showed a greater inhibition of tumour growth of AFP-producing target 

tumour cells both in vitro and in vivo than did a mixture of aAFP and anti-cancer 

drugs. Highly selective cytocidal activity of the daunomycin conjugate was 

demonstrated in AFP-producing rat ascites hepatoma cells (Tsukada 1985).

1.3.8.3. Doxorubicin conjugate

Although doxorubicin is often the drug used as the first line treatment for a wide 

range of cancers, the cardiotoxicity and nephrotoxicity associated with doxorubicin 

has prompted many developments of nanocarriers which serve as delivery vehicles for 

better selectivity. An example of these is the development of polymersomes created 

by Sanson et al. They utilised a block copolymer composed of poly(trimethylene 

carbonate)-b-poly(l-glutamic acid) as a starting material into which doxorubicin was 

incorporated by a solvent displacement method. The resulting vesicles, termed 

polymersomes displayed high drug loadings (up to 47% w/w), with the highest drug 

loading achieved by nanoprecipitation at pH 10.5. These polymersomes were stable 

for at least 6 months at 4°C, with negligible degradation and were colloidally stable in 

serum for at least 10 h. Drug release from the vesicles was found to be sustained over 

1 month at 37°C. As test beds for serving as cargo carriers for anticancer drugs, these 

polymersomes have shown characteristics that are desirable as drug delivery systems: 

biocompatibility, biodegradability, high loading capability and stability, and a pH- 

responsive release profile (Sanson et al. 2010).
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Table 2 Developments of polymer/drug conjugates based on PAGA

Drug Type of 

conjugation

Drug action Activity Reference

Ara-C Conjugate via 

amide bond

Antimetabolite Less cytotoxic and more 

potent than free drug to 

L1210 leukaemia melanoma 

cells

(Kato et al. 1984)

Camptothecin

Ester bond with 

PAGA via the 

hydroxyl group at 

C 2 0 .

Topoisomerase I 

inhibitor

Enhanced efficacy in 

athymic mice bearing 

ectopic human colon or lung 

tumours.

(Singer et al. 2001)

Doxorubicin Conjugate via ester 

bond

DNA

intercalating

Active in vivo. Activity 

increases with increasing 

m.w

(Sanson et al.)

Melphalan Conjugate via 

amide bond

Covalent DNA 

binding

In vivo significantly more 

potent than free drug in 

Yoshida sarcoma in rats

(M orimoto et al. 

1984)

Mitomycin C,

Daunomycin,

Adriamycin

Conjugate via 

amide bond

Covalent DNA 

binding

In vivo, less active than free 

drug in P388 mouse 

leukaemia model

(Tsukada 1985)

Paclitaxel

Conjugate via ester 

bond

Micro tubule 

assembly

Prolonged presence in 

plasma, reduced systemic 

exposure and greater tumour 

exposure

(Bemareggi et al. 

2005)

SN-38 Conjugate via ester 

bond. M icelle-type 

carrier

Topoisomerase I 

inhibitor

Higher anti tumour activity 

against SBC-3/Neo and 

SBC-3/VEGF tumours 

compared with C PT-11

(Koizumi et al. 

2006)

Uracil Conjugate via ester 

bond

Anti metabolite N/A (Mochizuki, Inaki, 

& Takemoto 1985)
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1.3.8.4. Camptothecin andSN38

Camptothecin belongs to a group of naturally occurring cytotoxic alkaloids isolated 

from the Chinese plant Camptotheca accuminata. Despite the great promise of its 

multiple anticancer modes of action, its clinical application as an anticancer agent is 

limited due to its severe side effects, extremely poor water solubility and rapid 

inactivation through lactone ring hydrolysis at physiological pH. The issues with 

camptothecin have prompted the development of many derivatives such as topotecan 

and irinotecan which are currently used in the clinic. However, these are far from 

ideal due to their non-selectivity of actions. A solution to these problems would be to 

increase its selectivity by conjugating the drug to a high molecular weight polymer. 

Singer et al. found that by linking a high molecular weight PAGA to camptothecin at 

carbon 20 via a glycine linker, not only improved water solubility and extravasation 

but also stabilised the active lactone form. The antitumour activity of the conjugates 

was evaluated in athymic mice bearing ectopic human colon or lung tumours. They all 

demonstrated superior efficacy compared with free camptothecin (Singer et al. 2001).

Closely related to camptothecin is 7-Ethyl-10-hydroxy-camptothecin (SN-38), a 

biological active metabolite of irinotecan hydrochloride (CPT-11) which is up to 1000 

times more potent, but also suffers the same formulation setbacks. An i.v formulation 

of SN-38 has been developed by conjugating the drug molecule to a block copolymer 

composed of PAGA and poly(ethylene glycol). The resulting polymeric micelles had 

a nano-sized diameter of 20 nm with a narrow size distribution. In vitro, the micelles 

showed significantly more potent antitumor activity against human colorectal cancer 

HT-29 xenograft as compared with CPT-11. In vivo, the conjugates exhibited 

enhanced and prolonged distribution of free SN-38 at the tumour site following 

injection and had significantly higher antitumour activity against bulky SBC-3/Neo 

and SBC-3/VEGF tumours compared with CPT-11 (Koizumi et al. 2006).

1.3.8.5. Paclitaxel

In 2006, Cell Therapeutics, Inc. and Novartis joined forces to develop Xyotax 

(poliglumex paclitaxel) which was subsequently renamed in 2008 as Opaxio, a
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macromolecular drug conjugate that links paclitaxel with PAGA for the treatment of 

non-small cell lung cancer (NSCLC) and other cancers. PAGA links to the 2' 

hydroxyl of paclitaxel, a site crucial for tubulin binding, forming an inactive 

polymeric conjugate. Once inside tumour tissue the conjugated chemotherapeutic 

agent is activated and released by the action of the enzyme, cathepsin B. Preclinical 

findings showed that PPX was stable in the plasma, had a small volume of 

distribution, and accumulated in the tumour tissue. High peak plasma concentrations 

of paclitaxel were not observed after the administration and significant levels of active 

drug were maintained for days after administration (Bemareggi et al. 2005). In 2008, 

in a randomised phase III trial comparing paclitaxel poliglumex with gemcitabine or 

vinorelbine for the treatment of advanced non-small cell lung cancer, Opaxia dosed at 

175 mg/m was active and well tolerated in patients with advanced NSCLC and 

required fewer red blood cell transfusions, haematopoietic growth factors, opioid 

analgesics, and clinic visits than patients receiving gemcitabine or vinorelbine 

(O'Brien et al. 2008). In 2010, the company released the updated phase II study results 

of Opaxio in patients with advanced oesophageal cancer, in which 38% (15/40) of 

patients receiving Opaxio in combination with cisplatin and concurrent radiation 

achieved a pathologic or endoscopic complete response 

(http://www.celltherapeutics.com/opaxio), (accessed date 01/01/2011).

In conclusion, conjugation of PAGA to various anticancer agents has raised several 

important points. Firstly, drug release from the carrier must be achieved once at the 

tumour site for the conjugate to be active in vivo. Secondly, increasing the molecular 

weight of PGA increases the antitumour activity by extending the drug half-life, but 

the polymer’s molecular weight has to be balanced against the suitability for dmg 

delivery. Lastly, the point of attachment of PAGA to the dmg molecule is important 

and may influence the stability and therefore activity of the conjugate as in the case of 

camptothecin.
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Hypothesis

Many chemotherapeutic and anti fungal agents in existence exhibit potent and wide- 

ranging activities which are ideal for clinical use. However, their full potentials have 

not been harnessed not only due to their limited water-solubility but also their 

cytotoxicity, the latter a problem due to non-selectivity. Amphotericin B is a 

chemotherapeutic agent which represents these challenges and more due to its many 

issues including limited aqueous solubility, aggregation related toxicity, narrow 

therapeutic index and cytotoxicity. The costs of lipid AmB formulations and the 

narrow therapeutic index of Fungizone® prompt to the development of a safer and 

cost-effective AmB formulation. Thus, re-formulating a drug such as amphotericin B 

falls in line with the currently popular ethos of realising the full potential of an 

existing drug compound. Our experience with the polymer drug complex based on 

non-degradable polymethacrylic acid has been encouraging and this has led to the 

selection of biodegradable PGA as a potential drug delivery material. PGA is known 

to be both biocompatible which negates the need for biological safety evaluations and 

the degradation products are the basic constituent glutamic acid which is safe.

The hypothesis was that under specified conditions AmB would interact with PGA to 

form complexes via non-covalent interactions. It was envisaged that the association of 

AmB with a water soluble polymer such as PGA would bring about a number of 

benefits including improved water solubility and improved therapeutic index, 

prolonged extravasation and reduced toxicity.
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Aims and objectives

The outline for this project can be divided into five parts. Firstly, since PGA (donated 

by Natto Biosciences) had a molecular weight of 1500 kDa, it was essential to render 

the polymer suitable for drug delivery. A method was sought to degrade PGA from its 

initial molecular weight from 1500 kDa to approximately 3 0 -  100 kDa, from which a 

few degraded PGA of various molecular weights were selected for the next study. 

Secondly, in order to perform the complexation reaction in an organic solvent such as 

DMSO, it was necessary to increase the polymer’s hydrophobicity by activation with 

A-hydroxysuccinimide. A modified method based on the A-hydroxysuccinimide 

activation of poly(a-glutamic acid) was used to achieve this. Thirdly, the construction 

of the AmB complexes was performed by a complexation reaction. The influence of 

NHS loading of the PGA on AmB loading was investigated. These AmB complexes 

were characterised using a number of analytical techniques. Fourthly, the AmB 

complexes were evaluated for their biological activities including their in vitro 

toxicological and antifungal activities as well as their in vivo efficacy. The effect of 

the polymer’s molecular weight on the complex’s biological activities was explored. 

Fifthly, the potential of the complexation method to solubilise other hydrophobic 

drugs was evaluated.
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2. CHAPTER II 

Synthesis of low molecular weight activated poly(y-glutamic acid) 

Introduction

As discussed in the previous chapter, drugs of limited aqueous solubility could be 

delivered by carriers made of polymeric materials. Drugs may be directly linked to 

polymer to form polymer conjugates that are water soluble and may be administered 

by parenteral administration. Work by many investigators on chemotherapeutic 

polymer conjugates proves that the association of a hydrophobic drug with a water 

soluble polymer can lead to improvement in water solubility, toxicity and 

biodistribution (Gianasi et al. 1999), (Avichezer, Schechter, & Amon 1998). Poorly 

water-soluble drugs may also be associated with polymer by physical interactions to 

form water-soluble micelles or complexes (Yokoyama et al. 1998). These 

achievements therefore provide a template for the delivery of amphotericin B, a drug 

of limited water solubility and many inherent toxicity issues, using a polymeric 

platform in similar fashion. Amphotericin B is chosen as a model drug in this project 

and a detailed account of amphotericin B is discused later in Chapter III. It is 

hypothesised herein that the delivery of amphotericin B would be possible by 

association with a water soluble polymer.

The selection of a polymer for the purpose of drug delivery requires careful 

considerations and the physicochemical properties, chemical structure, molecular 

weight, solubility, and biological safety must all be taken into account. In addition, 

the polymer needs to be chemically inert, not affect the activity of the drug that it 

carries, free from impurities, and able to assume an appropriate physical structure 

(Pillai & Panchagnula 2001). PGA has a lot of features that are attractive as a delivery 

material including high water solubility, biocompatibility, biodegradability, 

abundance (low cost), and most importantly biological safety (Poo et al. 2010). 

Biodegradability in particular is an attractive feature which many investigators have 

attempted to utilise more and more in drug delivery since the degraded by-products 

can be excreted safely. On the other hand, non-degradable polymers could potentially 

lead to lysosomal storage disease syndrome after repeated administration (Schneider,
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Korolenko, & Busch 1997). In preclinical studies, PGA was found to be non- 

immunogenic and well-tolerated (Prodhomme et al. 2003). Furthermore, the pendant 

carboxylic groups provide functionality for modification or drug attachment (Li 

2002). Due to these qualities and the much successful research work done using PGA 

as a carrier, it was chosen as the polymer of choice in this project.

The initial problem encountered by anyone who wishes to use PGA as a delivery 

vehicle is its molecular weight. Naturally- occurring PGA’s molecular weight is 

typically high and usually available commercially from 500 kDa (Wako, Vedan) up to 

2000 kDa (Natto Biosciences). Such high molecular weights are unsuitable due to 

potential difficulties in excretion via the renal route although such problems can be 

overcome by in vivo degradation due to PGA’s biodegradability. The main concern 

with using high molecular weight polymers is the potential elimination from the body 

by the Reticuloendothelial System (RES) (Johansen & Larsen 1985). It has generally 

been accepted that the drug conjugate must be small enough to evade the RES and to 

overcome the permeation barriers of poorly permeable tumours (Maeda et al. 2000) 

but large enough to exploit the enhanced permeability and retention effect (EPR). It 

has also been established that the ideal range is between 25- 40 kDa for 

nondegradable polymers or greater if the polymers are biodegradable (Hespe, Meier, 

& Blankwater 1977).

PGA from Natto Biosciences has a molecular weight of 1500 kDa. It was decided that 

the target molecular weight of PGA to be used for the complexation with AmB would 

be approximately between 30 to 100 kDa. Several degradation methods of PGA were 

discussed in the previous chapter. Although the recent approach of ultrasonic 

degradation is reported to produce reduced molecular weight PGA of low 

polydispersity (Perez-Camero et al. 1999), it is outside the scope of the available 

facilities. In situ depolymerisation of PGA is another alternative method, but it 

requires intervention during PGA production and therefore could only achieve at the 

production plant. The degradation method by alkaline hydrolysis on the other hand is 

simple and the extent of degradation can be controlled by the addition of sodium 

hydroxide which when used at higher concentrations could also help lower the 

polydispersity index (Kubota, Nambu, & Endo 1996). Furthermore, it is thought that
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polydispersity can be minimised using methods such as dialysis with a suitable 

molecular weight cut-off.

Alkaline hydrolysis was chosen method for the degradation of PGA in this project for 

its simplicity. The molecular weights of the degraded PGA were determined by Gel 

permeation chromatography (GPC). The fragmented PGA was further characterised 

by ’H NMR and FT-IR.

O 1 O 1

NaOH

90T, 6h
COOH COOH

n>m

F igu re  4 D eg ra d a tio n  o f  n a tto  P G A

The molecular weight reduction of PGA using alkaline hydrolysis performed at 90^C, 

6 h

The degraded PGA was next activated with N-hydroxysuccinimide. This is a strategy 

commonly used to increase its hydrophobicity in order to enhance its solubility in 

organic solvents. Poly(a-glutamic acid) has been previously activated with N- 

hydroxysuccinimide (Iwata et al. 1998) and this method was adopted with some 

minor modifications.
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o -,

COOH

O -,

NHS, DIPC 

25°C, 24h

F ig u re  5 R ea ctio n  sch em e fo r  th e  e stér ifica tio n  o f  P G A  w ith  N H S

The NHS moieties were coupled with the pendant COOH groups of PGA using N,N'~ 

Diisopropylcarbodiimide (DIPC). The reaction was performed at 25®C for 24 h

2.1. Degradation of high molecular weight PGA

2.1.1. Materials and methods

In a typical alkaline hydrolysis reaction, PGA of the free acid form (5 g, 34.45 mmol) 

(1500 kDa, Natto Biosciences) was dissolved in aqueous sodium bicarbonate (50 ml, 

67.60 mM) at room temperature. The solution was heated with stirring to 90^C and 

sodium hydroxide (1.38 g, 34.45 mmol) was added. The reaction mixture was stirred 

and maintained at 90^C for 6 h. The reaction mixture was allowed to cool to room 

temperature and its pH adjusted to 7.0 with hydrochloric acid. Amberlite IR-120 H^ 

type, 50 mesh (50 g) (Sigma-Aldrich) was added to the reaction mixture and left to 

stand at room temperature for 1 h. The resin was separated from the mixture by 

filtration and washed with deionised water (50 ml). The filtrate was kept at 2 - 8^C for 

two days prior to further filtration to facilitate the precipitation of the polymer. The 

precipitate was collected and excess water was removed from the precipitate by 

freeze-drying.
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2.1.2. Characterisation o f degraded PGA

The molecular weight of degraded PGA was determined by Gel Filtration 

Chromatography (GPC) and its physicochemical properties were analysed by ^H- 

NMR and FT-IR.

2.1.2.1. Gel permeation chromatography (GPC)

Molecular weight determination was carried out using Viscotek Trisec Dual Detector 

Model 270 based on methacrylic salt 10,300 Da as a standard. Polymer samples (20 

mg in 1ml of developing buffer) was injected into GPC column and run with a mobile 

phase consisting of 50 mM phosphate buffer and 150 mM NaCl, pH adjusted to 7.4 

with NaOH at a flow rate of 0.7 ml/min.

In order to calculate the molecular weight for any polymer, the dn/dc value is 

required. This was obtained by running a series of concentrations of PGA (non

degraded) on GPC. A graph of Refractive Index (IR) area versus polymer 

concentration was then established, the slope of which corresponds to the dn/dc value.

2.1.2.2. Nuclear magnetic resonance spectroscopy (NMR)

’H-NMR and ’̂ C-NMR spectra were acquired using a Bruker Advance spectrometer 

operating at a nominal ’H frequency of 400 MHz and equipped with a 6 mm BBO 

probe inducing Z-axis pulse field gradients. Samples were analysed in either d-DMSO 

or deuterium dioxide at 300K and were referenced to the solvent peaks (2.50 and 4.7 

ppm respectively). Spectra were processed using TOPSPIN 1.3 software.

2.1.2.3. Fourier transmission infra-red spectroscopy (FT-IR)

FT-IR spectra were acquired using a Perkin Elmer Spectrum 100 FTIR spectrometer. 

Data were processed using Spectrum Express V. 1.2.0 software. The spectra were 

recorded at room temperature in the region 4000 -  400 cm '. Transmission values
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were read in steps of 5%. A base line correction was made for the spectra recorded. 

The peak intensities (absorbances) were calculated by the formula:

Absorbance = log]o(Io/I)

where (lo/I) is the ratio of the intensity of the incident light to the transmitted light.

2.2. A^-Hydroxysuccinimide activation of PGA

2.2.1. Materials and methods

In a typical reaction, PGA (5 g, 34.45 mmol) and NHS (1.98 g, 17.23 mmol) (Sigma- 

Aldrich) were dissolved together in anhydrous DMSO (30 ml). NHS estérification of 

PGA was initiated by the drop-wise addition of A^TV-Diisopropylcarbodiimide (DIPC) 

(2.63 ml, 17.23 mmol (Sigma-Aldrich) with stirring. After 20 hours of stirring at 

room temperature, the reaction was terminated and the reaction mixture was 

refrigerated at 2-8®C for 24 h. Precipitation of the activated polymer was carried out 

by slowly pouring the reaction mixture (if necessary drop-wise) into dehydrated 

acetone with stirring. The precipitate was washed twice with ice-cold dehydrated 

acetone and once with dehydrated hexane. Dehydration of acetone and hexane was 

carried out by treatment with molecular sieve beads (3A type, 4-8 mm, Sigma- 

Aldrich). The precipitate was collected and dried under vacuum.

2.2.2. The determination of NHS estérification

The NHS content was determined by H-NMR spectroscopy. Samples of activated 

PGA (20 mg) were dissolved in d-DMSO and analysed by ’ H-NMR spectroscopy. 

The estérification extent was determined from the relative peak area at 2.8 ppm and 

1.97 ppm which correspond to the protons of A-Hydroxysuccinimide and those 

binding to the y-carbon of glutamic acid, respectively.
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2.3. RESULTS

2.3.1. Degradation of poly(Y-glutamic acid)

PGA underwent hydrolysis in the presenee of sodium hydroxide. Heat (90^C) was 

used to accelerate the reaction. Initially, the relationship between the extent of 

polymer degradation and the concentration of NaOH used was explored. The 

concentration of NaOH ranged from 0.25 to 2.0 molar equivalents whilst the 

temperature of the reactions was maintained at 90^C throughout. PGA was readily 

soluble in dilute sodium bicarbonate solution (67.6 mM). As the reaction progressed, 

the viscosity of the reaction mixture was observed to decrease, indicating polymer 

degradation. The viscosity of the reaction mixture was also influenced by the NaOH 

concentration; the higher the NaOH concentration, the lower the viscosity of the 

reaction mixture.

In order to facilitate the precipitation of the degraded polymer, cation exchange resin 

was added to the reaction mixture after the polymer degradation process. The reaction 

mixture immediately became cloudy and milky white in appearance after 10 minutes. 

Separation of the polymer from the cation exchange resin was carried out by filtration. 

The polymer filtrate was refrigerated overnight to sediment the polymer which was 

collected and washed with de-ionised water prior to freeze-drying to yield a dry, white 

powder. The determination of PGA molecular weight was carried out by GPC.

2.3.1.1. The effect of NaOH concentration on the hydrolysis of PGA

These experiments were carried out to explore the relationship between the sodium 

hydroxide concentration and the extent of polymer degradation. Table 3 shows the 

results obtained from the investigation into the influence of NaOH on polymer 

degradation. It is clear that the higher the concentration of sodium hydroxide, the 

greater the extent of polymer degradation and hence the lower the molecular weight. 

Another trend observed here is the relationship between sodium hydroxide and the 

polydispersity values of the degraded polymer: the higher the concentration of sodium 

hydroxide the lower the polydispersity index.
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T a b le  3 E ffect o f  N a O H  co n cen tra tio n  on  P G A  h y d ro ly s is

Starting polymer MW =1500 kDa. Data are pooled from three separate experiments (n 

= 3). ANOVA, conducted to investigate differences, if any, due to the molecular 

weight of PGA, showed significant differences among the entries (p<0.0001).

E n try N a O H  am o u n t  

(eq . m ole)

D e g ra d ed  

P o ly m er  y ie ld  (% )

M w

(k D a)

P o ly d isp ersity

in d ex

1 0.25 90.3  ±  6.5 2 1 3 .6 ± 2 3 .7 1.8 ± 0 .3

2 0.5 85 .5  ± 3 .8 92 .3  ±  17.5 1 .5 ± 0 .1

3 1.0 86.1 ±  10.8 56 .0  ± 1 1 .5 1.3 ± 0 .3

4 1.5 82 .2  ±  6 .4 34.3  ± 9 .3 1.2 ± 0 .1

5 2.0 8 5 .6  ± 2 .3 20 .6  ± 3 .1 1 .2 ± 0 .1

2.3.1.2. The effect of reaction time on the alkaline hydrolysis o f PGA

The time taken to obtain sufficient hydrolysis was also investigated. Whilst the use of 

1 molar equivalents of NaOH performed over a period of 6 h was enough to produce 

PGA with the desirable molecular weights, below 4 h the polymer was of high 

molecular weights (up to 500 kDa) with high polydispersity (up to 2) (Table 4). This 

implies that hydrolysis was incomplete and the degree of degradation of PGA was 

low due to insufficient time. This is consistent with the expectation that high 

polydispersity would be observed at the initial stages of the reaction and would 

gradually reduce as the reaction time increases. A possible explanation for this 

phenomenon is that polymers of high molecular weight such as PGA used in this 

reaction are expected to be of restricted mobility in solution due to high viscosity and
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therefore, hydrolysis can only take place initially at the terminals. Indeed, aqueous 

solutions of PGA used showed a highly viscous, almost gel-like behaviour prior to 

heating. Over the course of the reaction, as more and more polymer becomes digested, 

the polymer mobility becomes less of an issue and degradation of the amide bonds 

can potentially take place anywhere including the mid -region of the polymer.

T ab le  4 E ffect o f  reaction  tim e on P G A  d eg ra d a tio n

The concentration of NaOH was 1.0 molar equivalent. Temperature was maintained at 

90®C. Data are means (n =3). ANOVA, conducted to investigate differences, if any, 

due to molecular weight of PGA, showed significant differences among the entries 

(p<0.0001). Post hoc Tukey-Kramer multiple comparison tests showed that all entries 

were different from one another (p<0.001), except for entries 3&4 and 4&5 which 

were not significantly different from each other (p>0.05).

E n try R ea ctio n  tim e  

(hr)

Y ie ld  (% ) M w  (kD a) P o ly d isp ers ity

ind ex

1 1 85 ± 3 .0 4 9 2 .0  ± 2 6 .2 1.9 ± 0 .2

2 2 90  ±  2.3 284 .3  ±  33 .0 1.9 ± 0 .1

3 4 92  ±  2.0 114.0 ± 2 5 .1 1 .6 ± 0 .1

4 6 86 ± 8 .5 59 .3  ±  12.5 1.2 ± 0 .2

5 10 85 ± 5 .4 2 7 .0  ± 9 .2 1.1 ± 0 .3

It would appear from the data that to obtain polymer of a lower polydispersity index, 

the optimum reaction time should be 6 hours (or more). This observation is also in 

agreement with Kubota et al. (Kubota, Nambu, & Endo 1996). Since alkaline 

hydrolysis of PGA is a random process, there was always the possibility of monomers 

and oligomers of the polymer. Although the existence of such species was not
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investigated in this study, Kubota et al. did address this subject in their study and their 

TLC analysis revealed no evidence of such species in the reaction mixture.

2.3.1.3. Molecular weight estimation of degraded PGA

For an accurate determination of polymer molecular weight (MW), the polymer’s 

specific refractive index (dn/dc) is required. This was obtained from a plot of 

refractive index (IR) detector peak area versus the PGA concentration ( 0 - 1 0  mg/ml) 

at fixed volume (1 ml), the slope of which corresponded to the dn/dc value of PGA. 

The slope (Figure 6) showed a linear relationship between the IR and the polymer 

concentration and in addition the slope also intercepted the axes origin. These features 

confirmed the linear response of the RI detector. The dn/dc value for natto PGA 

obtained from the plot was 0.0939.

For the determination of polymer molecular weight, all commercial light scattering 

detectors including the GPC/SEC triple detector use the Rayleigh equation:

R (^)L „  = kcm

Where the intensity of the scattered light (R) is equal to an optical constant (K) 

multiplied by the concentration (C) and multiplied by the molecular weight. Since all 

the parameters including the concentration, the dn/dc of PGA and the intensity of the 

scattered light are now known; it is possible to determine the molecular weight of 

PGA.
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F igure 6 R efractive index (R I) area versus PG A  concen tration

Linear response o f  RI detector to PGA concentrations. The dn/dc value is extrapolated 

from the gradient o f  the plot.

2.3.1.4. Characterisation o f degraded PGA

The structure and purity o f  PGA was determ ined by FT-IR, 'H -N M R  and '^C-NMR. 

In the ' H-NM R spectrum o f the parent PGA, there are five m ajor signals which 

correspond to the protons o f  /^-CH] (1.81, 1.90 ppm), y-CH] (2.25 ppm ), ot-CH (4.15 

ppm), am ide (8.12 ppm) and COOH (12.6 ppm) (Figure 7). The ' H-NM R spectrum 

o f degraded PGA com pletely corresponds to the chemical structure o f  PGA.
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F igure 7 ' H -N M R  spectrum  o f  PGA after a lka lin e h yd ro lysis

P-CWi (1.81 ppm, 1.90 ppm), y-CHi (2.25 ppm ), a-CH  (4.15 ppm), NH (8.12ppm ) and 

COOH (12.6 ppm).

The identification o f  these chemical groups was further supported by the '^C-NM R 

spectrum (Figure 8) which indicates five m ajor signals at 27.33, 31.93, 54.33, 174.50 

and 177.65 ppm representing the carbons o f  CH], y- CH], a-CH , C = = 0 , and 

COOH respectively. Furthermore, the lack o f  foreign peaks in the ' H-NM R spectra 

indicates that hydrolysis selectively took place at am ide bonds and there were no 

unexpected side reactions such as decarboxylation.
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Figure 8 ' C - N M R  spectrum  o f  degraded  PGA

(i-CHi (27.33 ppm), y-CH] (31.93 ppm), a-CH  (54.33 ppm), C = = 0  (174.50 ppm) and 

COOH (177.65 ppm).

It is evident that the FT-IR spectra o f the degraded polym er are near identical to that 

o f the parent polym er (Figure 9). The only difference between them is that higher 

m olecular weight polym er produces higher intensity bands. These observations are in 

agreem ent with findings by Kubota et al. (Kubota, Nam bu, & Endo 1996). Analysis 

o f the FT-IR spectra o f degraded PGA shows a characteristic band at 3271.50 cm '' 

which is characteristic o f the N-H stretch, whilst a band that is indicative o f  the 

COOH group appears at 1446.06 cm '. Incidentally, this is also the region where the 

characteristic absorption o f the C = = 0  in the secondary amides overlap with that o f the 

COOH.

The results obtained from FT-IR, ' H-NM R and '^C-NM R spectra together indicate 

that the degraded PGA has the same physicochem ical properties as those o f  the parent 

PGA. M oreover, the absence o f additional peaks implies that the degraded PGA 

obtained is o f  high purity. As expected, the yields o f degraded polym er were high (> 

80%); loss o f  polym er occurred through washing and transferring processes.
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Figure 9 FT-IR  spectra  o f  d egraded  PGA

Parent PGA (red bottom line,) and degraded PGA (other lines); N-H (3271.50 cm ''); 

COOH (1446.06 cm ').

2.3.2. A^-Hydroxysuccinimide activation of PGA

The m olecular weight o f  PGA used was 65 kDa and the experim ent was designed 

around the extent o f  NHS loading by using different am ounts o f  NHS and DIPC. 

From the 'H -N M R  spectrum (Figure 10), the peak at 2.8 ppm corresponds to the 

protons o f A-hydroxysuccinim ide. This peak is present in the final product in contrast 

to that o f  the starting polym er (Figure 7). This peak is also further downfield 

com pared to the reference NHS peak (2.6 ppm) which suggests that the NHS moiety 

is now coupled with the polymer. Additionally, the proton which corresponds to the 

a-carbon now appears further downfield which implies the coupling o f  NHS to the 

polymer.
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T a b le s  N H S  activ a tio n  o f  P G A

NHS estérification estimated by ’ H-NMR; Data are means (n = 3). ANOVA, 

conducted to investigate differences, if any, due to NHS estérification, showed 

significant differences among the entries (p<0.001). Post hoc Tukey-Kramer multiple 

comparison tests showed that all the entries were different from one another (p<0.05), 

except for entry 1 and 2 which were not significantly different from each other 

(p>0.05)

E n try P G A  

(eq . m ole)

N H S  

(eq . m ole)

D IP C  

(eq . m ole)

N H S

estér ifica tio n

(% )

P o ly m er  y ie ld

(% )

1 1 0 .125 0.125 7.3 ±  3 .4 84 .8  ±  0.4

2 1 0.25 0 .25 2 1 .2 ±  1.8 79 .9  ± 6 .7

3 1 0.5 0.5 38 .5  ± 7 .1 89 .6  ± 4 .2

4 1 1 1 62 .8  ±  3.6 85.3 ±  10.1

5 1 2 2 92.5  ±  8.3 91.1 ± 8 .2

The extent of estérification was quantified by comparing the relative peak of NHS 

(2.81 ppm) to that of a-carbon of the glutamic acid (4.16 ppm) at a ratio of 4 to 1. The 

NHS esterificatio was found to be in the range of approximately 7% to 92 %, 

depending on the amounts of reactants used (Table 5). The additional peaks upfield 

indicates that contamination of unreacted DIPC or that its hydrolysed products were 

not effectively removed (Figure 10).
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Figure 10 H N M R  spectru m  o f  P G A  N H S; 88%  N H S estérification

^-CH] (1.94 ppm, 2.02 ppm), y-CH] (2.34 ppm), NHS (2.79 ppm), a-CH (4.64 ppm), 

NH (8.12 ppm) and COOH (12.54 ppm).
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2.4. DISCUSSION

Although naturally-occurring polymers such as PGA, cellulose, hyaluronic acid, 

dextran and many others have been used in many industries, their applications in the 

drug delivery are hampered by their high molecular weights. Experience in drug 

delivery based on polymers dictates that only polymers of low molecular weights 

should be considered to be used as drug carriers (Hespe, Meier, & Blankwater 1977). 

Sinee many of these polymers have already been approved by the regulatory agencies, 

it is therefore more cost-effective to utilise these polymers than registering new 

excipients (Muller & Keck 2004). In order to make these biopolymers relevant to drug 

delivery, methods to reduce the polymer’s molecular weight have been employed. 

These polymer degradation methods include thermal, chemical, mechanical and 

enzymatic means (Clasen & Kulieke 2001). Thermal and mechanical methods have an 

obvious advantage in not requiring additional chemical substances and giving end 

products that do not need purification while the ultrasonic degradation method is 

reported to produce polymer of low molecular weight free of monomers (Kulieke, 

Clasen, & Lohman 2005). Molecular weight reduetion by in situ depolymerisation in 

cell-free broth of Bacillus subtilis has also been attempted by several investigators 

although issues regarding isolation and purification of PGA from PGA hydrolase 

enzymes as well as high polydispersity still remain unresolved (Kunioka & Goto

1994), (Richard & Margaritis 2006).

Investigators have found that the moleeular weight has an influence on the 

biodistribution and excretion of a polymer (Seymour et al. 1987). The initial aim of 

this project was to build a small library of PGA of different molecular weights which 

would then later be used in the preparation of AmB complexes. Since the molecular 

weight of a polymer below 25 kDa is known to be readily excreted via the kidney 

route - depending on size and charge of the polymer in solution (Hespe, Meier, & 

Blankwater 1977), it was decided that the PGA’s molecular weight to be used for 

drug delivery had to be above this threshold. It is generally agreed that the upper limit 

of MW should not exceed 50 kDa for nondegradable polymers in order to avoid 

elimination by the RES. However, since PGA is biodegradable, MW greater than 50
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kDa would not present RES clearance problems. A method for reducing the molecular 

weight of PGA is described by Kubota et al. In their investigations, PGA could be 

degraded by heat in an alkaline medium. According to their observations, the extent 

of degradation could be controlled by the addition of sodium hydroxide (Kubota, 

Nambu, & Endo 1996).

The molecular weight reduction carried out in these investigations was alkaline 

hydrolysis. The influence of sodium hydroxide on the polymer degradation was first 

investigated. The molecular weights of polymer in each reaction were determined 

using GPC. The results obtained (Table 3) show that as the concentration of NaOH 

increased, the degree of polymer degradation increased accordingly as expected. The 

polydispersity index of the degraded polymer was at the highest when the lowest 

concentration of sodium hydroxide was used (0.25 molar equivalents) and gradually 

decreased as the concentration of NaOH increased. A plot of concentration versus 

MW indicates that the reaction was concentration-dependent. The target molecular 

weight range for PGA is 30-100 kDa and so far the data obtained from these 

investigations suggest a requirement of 0.5-1.5 molar equivalents of NaOH. 

Interestingly, these NaOH concentrations also provide the optimum PDIs. These 

results are consistent with findings by the previous investigators (Kubota, Nambu, & 

Endo 1996). In their experiments, the initial MW was 580 kDa which yielded 5.8 

kDa, 12.3 kDa and 23.3 kDa corresponding to eq. mol. NaOH concentration of 1.5, 

1.0 and 0.5. These findings compare very well against those obtained in these 

investigations which recorded the polymer MW of 34.3 kDa, 56.0 kDa and 92.3 kDa 

at similar NaOH concentrations with a polymer’s initial MW of 1500 kDa.

Polydispersity index (PDI) is a measure of the distribution of molecular mass in a 

given polymer sample and is defined as the ratio of the weight average molecular 

weight to the number average molecular weight (Mw/Mn) displayed by the polymer. 

Polymers with polymer chains approaching uniform chain length will have a value 

approaching of 1 although polymers with PDIs of 1.1 are considered ‘very narrow’ 

and 1.3 ‘narrow’ (Rogosic, Mencer, & Gomzi 1996). There is a proportional 

relationship between the amount of sodium hydroxide used in the degradation of PGA 

and the polydispersity index of the degraded polymer. Higher amount of sodium
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hydroxide resulted in a lower polydispersity index. As degradation of PGA by 

alkaline hydrolysis is a random process and the amount of amide breakage depends on 

the amount of the reactant (NaOH). It follows that at low NaOH concentrations, there 

was only partial degradation of the PGA molecule and it was inevitable that large 

sections of the PGA molecule were not subject to hydrolysis due to inefficient amount 

of NaOH. The polydispersity indices improved however when the concentrations of 

NaOH were increased as seen when they approached > 1 molar equivalent. At these 

concentrations, the resulting PGA became less polydispersed and the PDIs were 

closer to 1 (< 1.3). A similar trend was also observed by previous investigators, in 

their study, the PDI was as high as 2.03 at 0.05 eq. mol. NaOH concentrations and 

progressively improved as the NaOH concentration increased.

The time taken to obtain sufficient hydrolysis was the next parameter to be 

investigated. Reaction time is crucial not only in determining the outcome of the 

molecular weight but also the PDI. In these experiments, the reaction time was fixed 

at 6 hours and the concentration of NaOH was kept constant at 1.0 NaOH molar 

equivalent since it had been shown to yield PGA with the desirable molecular weights 

and reasonable PDIs.

Table 4 shows the results of the effect of the reaction time on the molecular weights 

of PGA. Overall, the molecular weights decreased with respect to time. After 1 hour, 

the molecular weight was 492.0 kDa (± 26.2) and progressively decreased to 284.3 ± 

33.0, 114.0 ± 25.1, 59.3 ± 12.5 and 27.0 ± 9.2 corresponding to t = 2, 4, 6 , 10 

respectively. The PDI of the polymer also followed the same pattern with a high value 

at t =1 (1.9 ± 0.2) and improved over time and approached almost 1 when the reaction 

time was more than 6 hours (PDI = 1.2 ± 0.2 at t = 6). These data imply that at t < 4 

the degree of degradation of PGA was low due to insufficient reaction time. The 

limited degradation was probably due to the high viscosity of the reaction mixture 

which according to observations took the appearance of a gel-like, viscous mixture. In 

alkaline medium, PGA is expected to assume the conformation of a random coil and 

as the starting PGA was of extremely high molecular weight, the reaction mixture was 

restricted of mobility in solution due to the high viscosity. As a result, hydrolysis 

probably only took place initially at the terminal due to the restricted mobility. Over

77



the course of the reaction, as more energy (heat) was applied to the reaction, polymer 

mobility improved. This effect caused the mid-region of the PGA molecule to become 

exposed so that degradation of the amide bonds here could take place. As a knock on 

effect, as the degradation of the amide bonds became more evenly distributed, the 

molecular weight became more uniform as seen in the improved PDIs over reaction 

time.

The structure and purity of PGA was determined by FT-IR, ’H-NMR and ’^C-NMR. 

In the ’H-NMR spectrum of the parent PGA, there are five major signals which 

correspond to the protons of (181, 1.90 ppm), 7-CH2 (2.25 ppm), a-CH (4.15 

ppm), amide (8.12 ppm) and COOH (12.6 ppm) (Figure 7). The ’H-NMR spectrum 

of degraded PGA completely corresponds to the starting PGA supplied from Natto 

BioScience (figurel5). The identification of these chemical groups was further 

supported by the ’^C-NMR spectrum (Figure 8) which indicates five major signals at 

27.33, 31.93, 54.33, 174.50 and 177.65 representing the carbons of y-CH], a-

CH, C==0, and -COOH respectively. Furthermore, the lack of foreign peaks in the 

’H-NMR spectra indicates that hydrolysis selectively took place at amide bonds and 

there were no unexpected side reactions such as decarboxylation.

It is evident that FT-IR spectra of the degraded polymer are near identical to that of 

the parent polymer. The only difference between them is that higher molecular weight 

polymer produces higher intensity bands. Analysis of the FT-IR spectra of degraded 

PGA shows a characteristic band at 3271.50 cm ' which is evident of the N-H stretch, 

whilst a band that is indicative of the -COOH group appears at 1446.06 cm '. 

Incidentally, this is also the region where the characteristic absorption of the C==0 in 

the secondary amides overlap with that of the -COOH.

The results obtained from FT-IR, 'H-NMR and '^C-NMR spectra together indicate 

that the degraded PGA have the same structural properties as those of the parent PGA. 

Moreover, the absence of additional peaks implies that degraded PGA is of high 

purity. Kubota et al. also analysed the C- and N- terminal groups of the degraded 

PGA and concluded that the degraded polymer had the same linear structure as the
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parent PGA. As expected, the yields of degraded polymer were high (> 80%); loss of 

polymer occurred the washing and transferring processes.

The degraded PGA was found to be less soluble than its parent polymer in polar 

solvents such as DMSO, DMF and A-methyl-2-pyrrolidinone. These observations 

correlate with those of other investigators and they attributed this to the stronger 

intramolecular hydrogen bonds between the PGA fragments (Kubota, Nambu, & 

Endo 1996). Since it was decided that the complexation reaction would take place in a 

common solubilising medium and AmB was known to be freely soluble in DMSO, a 

method was sought to increase the hydrophobicity of PGA in order for it to be readily 

soluble in DMSO.

The PGA molecule possesses the multi-pendant -COOH groups which are conducive 

to chemical modifications. The grafting of A-Hydroxysuccinimide (NHS) moieties 

onto poly(a-glutamic acid) is known to increase its hydrophobicity and has been 

successfully carried out by other authors (Iwata et al. 1998). The activated PAGA 

could be synthesised efficiently and was found to be highly stable over a long period 

of time when stored under dry-cold conditions. Due to the chemical similarities 

between PGA and PAGA, it was thought that it would be possible to synthesise NHS 

activated PGA using the same technique.

The method for the NHS activation of PGA was adopted with a slight modification to 

the one described by Iwata et al. (Iwata et al. 1998). In order to obtain PGA of varying 

degrees of NHS estérification, PGA was allowed to react with different ratios of N- 

hydroxysuccinimide and catalyst (DIPC). The extent of estérification was estimated 

by ’H-NMR analysis. These changes include (a) the use of DIPC instead of EDC as it 

was found the grafting of NHS moieties was more efficient; (b) once the reaction was 

terminated, the reaction mixture was allowed to cool down and stored at a temperature 

of 2-8®C. This process was necessary as it aided the extraction of the activated 

polymer from the organic solvent.

Initially, the feasibility of grafting the NHS groups onto the pendant COOH groups of 

the polymer was investigated. In these studies, the molecular weight of PGA used was
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65 kDa and the experiment was run using equimolar quantities of all reactants. ’H- 

NMR of the final product showed a peak at 2.81 ppm corresponding to the protons of 

^-hydroxysuccinimide (Figure 10). This peak was present in the final product in 

contrast to that of the starting polymer (Figure 7). This peak is also further downfield 

compared to the reference NHS peak (2.6 ppm) which suggests that the NHS moiety 

was now coupled with the polymer. Additionally, the proton which corresponds to the 

a-carbon now appears further downfield which implies the coupling of NHS to the 

polymer. The extent o f estérification was quantified by comparing the relative peak 

integration of NHS (2.81 ppm) to that of a-carbon of the glutamic acid (4.16 ppm) at 

a ratio of 4 to 1. These studies showed that it was possible to couple the NHS moiety 

on to the pendant COOH groups of PGA and the fact that these reactions did not yield 

100% conversion meant that the extent of estérification could be manipulated to 

achieve the desired degree of coupling by varying the amounts of reactants.

As stated earlier, one of the objectives was to fabricate PGA coupled with varying 

amount of NHS. In order to achieve this, PGA was systematically allowed to react 

with different amounts of NHS and DIPC. Table 5 shows the results obtained from 

these experiments and it was evident that the extent of NHS estérification could be 

modulated by controlling the amount of the reactants. For example, in sample 1, when 

only 0.125 eq. mol. o f NHS and 0.125 eq. mol. o f DIPC were allowed to react with 1 

eq. mol. of PGA, the extent of estérification achieved was 7.3% but this increased 

dramatically when the amounts of both NHS and DIPC were increased to 2 eq. mol. 

(twice that of PGA); the percentage of estérification was now 92.5%. These results 

are consistent with the findings obtained in the investigation of NHS activation of 

PAGA. These authors reported a range between 8 to 63% of NHS estérification for 

their polymer (Iwata et al. 1998). Thus, these experiments show that it is entirely 

feasible to achieve the desired NHS estérification by controlling the amounts of 

reactants. However, if  high NHS estérification was the goal of the experiment, then it 

was wholly expected that higher amounts of the residual unreacted reactants within 

the final product would then require vigorous extraction with acetone in order to 

effectively remove the contaminants. Observations correlated with the above 

speculation. Thus, the extent of NHS estérification has to be balanced against efforts 

during the extraction and purification processes together with the effective removal of
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these NHS leaving groups during the complexation reaction. Ideally, the amount of 

NHS should be kept to a minimum so that whilst it affords PGA with sufficient 

hydrophobicity, it does not pose problems in its removal from the final product. The 

impact of PGA of varying degree of NHS estérification upon AmB loading antiflingal 

activity and cytotoxicity was systematically investigated in the subsequent studies.

The determination of the content of DIPC remaining within the final product was not 

performed however and there were traces of additional peaks upfield which indicate 

that contamination of unreacted DIPC or that its hydrolysed products were not 

effectively removed (Figure 10). Later efforts by extraction with large volumes of 

acetone (>2 litres) and hexane (>500 ml) did remove traces of contaminants. It should 

also be noted here that extraction of the final product should be done in ice-cold 

acetone and required the slow addition of the reaction mixture (drop by drop) and 

stirring. This strategy was essential to effectively remove DMSO and to prevent the 

coalescence of the final product.

The NHS esters of PGA have greater solubility in DMSO compared with PGA and 

the higher the NHS loading the higher the solubility. Estérifications of PGA at the 

pendant carboxylic acid groups have been found to decrease the polymer’s water 

solubility whilst increasing its solubility in other solvents (Kubota, Nambu & Endo 

1995). Borbely et al. prepared less water soluble esters of PGA with alkyl halides in 

DMSO and obtained a 40% conversion in the first estérification and up to 98% when 

this was followed by another estérification (Borbely et al. 1994). However, the 

authors did not state whether these PGA esters attained the increased solubility in 

other solvents that they set out to achieve. In a similar study, the estérification of PGA 

with alkyl halides was carried out in A-methyl-2-pyrrolidinone and although the PGA 

esters were more stable than free acid type of PGA (T^ = 230-250^C and 210^0 

respectively); the polymer yields decreased with increasing the chain length of alkyl 

halides (Kubota, Nambu & Endo 1995). Unexpectedly, these esters were found to 

have a poor solubility in other solvents and were not soluble in DMSO in the absence 

of lithium chloride. Therefore, the strategy of latent hydrophobisation reported here in 

order to increase the solubility of PGA is a more successful approach compared with 

those aforementioned alkyl esters of PGA. At the time of conducting these
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experiments (May, 2007), the A^-hydroxysuccinimide activation of PGA had not been 

reported. A patent search revealed an invention for a complex of PGA and vitamin C 

via an ester bond (filed in 2005 and published in 2008) involving the use of 1-ethyl-3- 

(3-dimethylaminopropyl) carbodiimide hydrochloride and A-hydroxysuccinimide 

which the authors claimed to serve an activating agent in the preparation of a vitamin 

C complex gel (Sung et al. 2008). This differs to the approach reported here where the 

NHS moieties were used for latent hydrophobisation in order to increase the solubility 

of PGA in DMSO.

The NHS-ester of PGA is sensitive to moisture and can be hydrolysed quickly under 

normal storage conditions. It is important therefore to store the product under argon at 

2-8^C. It was noted that the activated polymer was still readily soluble in DMSO even 

after 6 months of storage indicating that the polymer still retained its hydrophobicity 

afforded by the coupling with the NHS moieties. It can be deduced from these 

observations that the NHS-ester of PGA will remain stable for at least six months 

when stored in inert and cold conditions.
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3. CHAPTER III 

Preparation of Amphotericin B complexes

3.1. Introduction to AmB

Amphotericin B (AmB) is an amphipathic fermentation product of the Gram-positive 

bacterium Streptomyces nodosus that was first isolated in 1955 (Dovonick et al. 

1955). AmB is a broad-spectrum polyene antifungal that is effective against a number 

of diseases including candidiasis, cyptococcosis, aspergillosis, histoplasmosis, 

blastomycosis, coccidioidomycosis, zygomycosis, sporotrichosis, fusariosis, 

phaeohyphomycosis and leishmaniasis (Demel, Van Deenen, & Kinsky 1965) as well 

as newly emerging diseases such as Balamuthia mandrillaris amoebic encephalitis 

(Kiderlen et al. 2007).

Leishmaniasis is caused by the protozoan parasite Leishmania affecting principally 

those countries in the tropical and sub-tropical regions. According to the latest report 

from World Health Organisation, leishmaniasis remains one of world’s most 

neglected diseases. Up to 350 million people are considered to be at risk of 

contracting the disease and 2 million new cases develop each year 

(http://www.who.int/leishmaniasis/resources/en/). In the treatment of leishmaniasis, 

AmB remains the secondary drug of choice when pentavalent antimonials fail because 

there is still little resistance to the drug. Clinical trials have confirmed the efficacy of 

AmB and showed that it provided 100% cure in patients with proven kala-azar 

(Thakuretal. 1993)

The usefulness of AmB is not only confined to the developing world however as 

recent studies have shown that disseminated fungal infections such as candidiasis, 

histoplasmosis and aspergillosis are on the rise affecting patients with cancer, organ 

transplants, diabetes and HIY/AIDS resulting in a mortality of up to 30% (Wasan et 

al. 2009). AmB is the mainstay drug of choice to treat these infections.
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The amphiphilic AmB molecule is a 38-membered lactone ring which has a 

hydrophobic region comprising a lipophilic heptaene moiety (the long chain of seven 

conjugated double bonds) and a hydrophilic region of several hydroxyl groups. The 

AmB molecule is also amphoteric, a property imparted by the presence of the 

carboxylic acid and the basic mycosaminyl group. These groups are zwitterionic at 

neutral pH when the carboxyl group is deprotonated and the amino acid group is 

protonated, giving rise to two pKa values, 5.7 and 10.
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3.1.1. Mode of Action

Like other polyenes, the mechanism of action of AmB is via the hydrophobic domain 

which promotes binding to and insertion into fungal lipid bilayer membranes of 

fungal sterols (Demel, Van Deenen, & Kinsky 1965). AmB monomers nucleate to 

form an AmB multimeric pore with the lipophilic polyene domains arranged on the 

outside and in contact with the membrane whilst the hydroxyl residues face inwards 

to form the inner walls of an aqueous pore. The result is a substantial increase in 

permeability of the fungal membrane to small cations, anions and divalent cations 

with the subsequent rapid depletion of intracellular potassium and then finally fungal 

cell death (Michael 2006).
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3.1.2. Toxicity of AmB

Despite its broad-spectrum of activities, the use of AmB is limited in clinical use 

mainly due to two major toxicities: a) acute or infusion related toxicity (Aming et al.

1995) and b) nephrotoxicity (Sawaya et al. 1991). Infusion related toxicity commonly 

occurs following the administration of AmB to patients. This includes fever, chills, 

anaphylaxis, muscle spasms, vomiting, headaches, anorexia, and hypotension. The 

reactions vary from patient to patient and generally respond to therapy with 

hydrocortisone, antipyretics, and antihistamines. Nephrotoxicity is the major side- 

effect with a reported incidence between 49% and 65% which can result in prolonged 

hospitalisation. Histological examinations of renal biopsies reveal changes in 

arteriolar smooth-muscle cells which manifests in a reduced glomerular filtration rate 

(Minodier et al. 2003). Renal tubular acidosis, reduced serum potassium and 

decreased renal concentrating capability have been reported as well as lesions in the 

tubules and calcium deposits in the lumen (Bhathena et al. 1978).

Haemolysis is a serious problem with AmB and it occurs as a result of red blood cell 

membrane disruption. AmB’s affinity for cholesterol brings another set of problems 

and its toxic effects to mammalian cells are well documented. No evidence has been 

found for mutagenicity, carcinogenicity, or teratogenicity in either animals or humans. 

AmB is not reported to interfere with clinical pathology tests.

3.1.3. AmB aggregation and cytotoxicity

Due to its amphiphilic nature, AmB has a tendency to self-associate, leading to 

aggregation. This subject has been the focus of attention for many years since it is 

believed to be the cause of clinical toxicity. A solution of AmB typically contains a 

mixture of monomers, dimers, aggregates and super-aggregates (Legrand et al. 1992). 

The aggregation mechanism starts with formation of dimers which are stabilised by 

hydrophobic interactions. These dimers in turn interact with each other to form 

oligomeric aggregates which are stabilised by ionic interactions. However, as the 

aqueous solution of AmB is diluted to concentrations below 10'  ̂ M, the ionic and 

hydrophobic forces that hold the oligomers and dimers respectively become
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unfavourable and AmB thus exists only in monomeric form at low concentrations 

(Ernst et al. 1981).

A number of factors influence the forms of AmB in solution. Concentration plays a 

key part with AmB appearing as monomers at concentrations below 10'^ M, above 

which aggregates start to form. As the concentration reaches 10'^, the AmB solution 

now contains mostly aggregates (Egito et al. 2002). Solubilising medium is another 

important factor and in polar solvents such as methanol, ethanol, DMF and DMSO, 

AmB exists mostly in monomeric form (Rajini Balakrishnan & Easwaran 1993). 

Other factors such as pH and temperature also affect the state of AmB (Mazerski, 

Grzybowska, & Borowski 1990), (Gaboriau et al. 1997a).

Toxicity of AmB is directly related to the proportion of aggregates in the administered 

dose. AmB monomers target exclusively the ergosterol-containing membranes and 

therefore are not toxic to mammalian cells (Legrand et al. 1992). It is known that 

haemolysis correlates directly to the presence o f aggregates (Aramwit et al. 2000), 

while soluble aggregates of AmB interact efficiently with cholesterol leading to 

greater toxicity in mammalian cells (Bolard et al. 1991). Super-aggregates are not 

known to interact directly with sterols but rather act as reservoirs near the membrane, 

releasing monomers and dimers (van Etten et al. 2000). Recently, in a study where the 

aggregation state on the toxicity of different AmB formulations was investigated. It 

was found that the poly-aggregated form (super-aggregates) of AmB was the least 

toxic in mice and the least haemolytic. These poly-aggregated forms were similar to 

those from Ambisome® and heated Fungizone® formulations. In addition, the size of 

the aggregates was found to have an effect on the toxicity. The larger aggregates were 

comparatively less toxic than the smaller aggregates (Espada et al. 2008).

3.1.4. Marketed formulations of AmB

Oral administration of AmB thus far is not yet realised due to the limited aqueous 

solubility, poor membrane permeability and instability at the low pH found in gastric 

fluid leading to negligible bioavailability. At present, administration of AmB is via 

the parenteral route and the formulations currently available for clinical use are
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limited to a detergent solution and three lipid-based formulations. These are discussed 

briefly below.

3.1.4.1. AmB-deoxycholate

AmB-deoxycholate (Fungizone®, Bristol-Myers Squibb) was the first micellar 

formulation of AmB and it has been commercially available since 1958. This is a 1:2 

mixture of AmB with an ionic surfactant deoxycholate sodium salt in a phosphate 

buffer. AmB does not form a true solution in this formulation. Instead it forms a 

colloidal dispersion of large aggregates that is suitable for intravenous administration. 

This is a relatively unstable system in that AmB deoxycholate dissociates rapidly into 

a mixture of monomers and aggregates, a process which is accelerated in the presence 

of salt (Harbarth et al. 2002). Treatment with AmB-deoxycholate is limited by 

nephrotoxicity and several strategies have been used to combat this problem. These 

include saline loading, altemate-day dosing, and AmB dose reduction, the latter is 

potentially risky since fungal infections and treatment failures may occur as a result 

and may contribute to excess mortality in AmB-deoxycholate treated patients (White 

et al. 1998).

3.1.4.2. Lipid-based AmB formulations

The lipophilic nature of AmB makes it possible to develop lipid-based formulations. 

Three lipid-based AmB are more tolerable and efficacious compared with AmB 

deoxycholate. They offer substantial protection against the renal damage caused by 

AmB and may be used as salvage therapy in patients previously treated with AmB- 

deoxycholate. Rates of nephrotoxicity are substantially reduced when compared with 

AmB-deoxycholate (12% vs. 40%) (Kleinberg 2006). Higher effective dosages of 

AmB may also be given when lipid-based formulations are used. These lipid-based 

formulations of AmB offer better response rates due to a combination of higher drug 

exposure and reduced nephrotoxicity. However, these formulations also are among 

the dearest anti-infective agents costing from around USD300 to 1000 as compared 

with USD5 a day for the more traditional AmB-deoxycholate (Kleinberg 2006).
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Amphocil® (Sequus Pharmaceuticals) is a micellar colloidal dispersion of AmB and 

sodium cholesteryl sulphate in the form of disc-like structures. In a single clinical 

trial, AmB colloidal dispersion caused significantly less renal toxicity than AmB- 

deoxycholate (White et al. 1998). Preclinical studies indicate that AmB colloidal 

dispersion is significantly less toxic than AmB-deoxycholate. Even at doses 4 - 5  

times higher than the toxic dose of AmB deoxycholate, nephrotoxicity was reduced 

during the administration of the colloidal dispersion. Although AmB accumulated in 

the liver following the administration of the micellar colloidal dispersion, there were 

no associated signs of hepatotoxicity when compared to AmB-deoxycholate. Even in 

patients with pre-existing renal damage the micellar colloidal dispersion could be 

administered safely with minimal risk of toxicity, as shown in a study of 572 patients 

with fungal infections secondary to severe underlying diseases (Herbrecht 1997).

AmBisome® (Gilead Sciences) is a liposomal bilayer preparation that consists of a 

small (<100 nm) unilamellar negatively charged liposome into which AmB has been 

inserted. Several studies have shown that liposomal AmB causes significantly less 

renal damage than AmB (Leenders AC et al. 1998).

Abelcet® (Elan) is an AmB lipid complex that has a ribbon-like structure composed 

of L-a-dimyristoylphosphatidylcholine and L-a-dimyristoylphosphatidylglycerol. In 

a recent study, it was demonstrated that patients with underlying renal disease could 

receive Abelcet among other concomitant nephrotoxic agents safely (Anaissie 1995).

3.1.4.3. Interaction with plasma proteins

It is well documented that AmB has a high affinity for plasma proteins. It has been 

shown that following intravenous administration, AmB is bound to albumin (Aramwit 

et al. 2000) and a-glycoprotein (Bekersky et al. 2002). In vitro, AmB-deoxycholate 

dissociates quickly in the presence of serum; the released AmB has a high affinity for 

low-density lipoproteins and the resulting complexes can be taken up by low density 

lipoprotein receptors which are thought to be a possible mechanism for AmB’s 

toxicity (Ridente, Aubard, & Bolard 1999). Furthermore, it is known that oxidative 

damage to low density lipoproteins can cause damage to most organisms and there is



evidence that AmB increases the oxidation products of low density lipoproteins 

(Barwicz et al. 1998). On the other hand, liposomal AmB is more stable and does not 

have a tendency to dissociate as rapidly in serum and unlike AmB, liposomal AmB 

preferentially binds to high density lipoproteins instead (Wasan & Lopez-Berestein 

1994). As mentioned previously, liposomal AmB comprises predominantly of super

aggregated forms which tend not to interact with low density lipoproteins (Espada et 

al. 2008). These observations suggest that the low toxicity of liposomal AmB may be 

attributed to its lower affinity for plasma proteins, in particular low density 

lipoproteins.

3.1.4.4. Pro-inflammatory response

Experiments showed that AmB induced large amount of tumour necrosis factor (TNF) 

when incubated in murine peritoneal macrophages and when administered to mice, 

the primining activity of AmB for TNF production in vivo was also observed (Tokuda 

et al. 1993). Other findings showed that it increased both the expression and the 

activity of nitric oxide synthase in endothelial cells (Suschek et al. 2002). Since 

migration of fungal pathogens across the endothelial cell layer is considered a 

prerequisite for the organ invasion in systemic fungal infections and activated 

endothelial cells are capable of killing parasite, bacteria, virus, and tissue destruction 

via the nitric oxide pathway (Zink et al. 1996). It is therefore suggested that this 

adjuvant activity for augmented endogenous cytokine processing has an added benefit 

in that eradication of intracellular pathogens that are killed by these enzymes. These 

effects however are not confirmed by other authors (Ebbens et al. 2009).

Infusion-related toxicity associated with AmB therapy is well documented and it is 

thought that this is due to the up-regulation of pro-inflammatory chemokines (IL-8 , 

MCP-1, MIP-ip) (Rogers PD et al. 2000) and cytokines (TNF-a, IL-6 , IL-lp) (Vonk 

et al. 1998). Unlike AmB deoxycholate, lipid-based AmB formulations did not 

increase the production of pro-flammatory cytokines (Turtinen et al. 2004).
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3.1.5. Recent developments of AmB

Great strides have been made in the development of an oral formulation of AmB. An 

emulsion system prepared by the solvent evaporation method from glyceryl mono- 

oleate (Peceol) and poly(ethylene glycol) (PEG)-phospholipids provide excellent drug 

solubilisation and drug stability against gastric and intestinal fluids. It retains 

antifungal activity without renal toxicity in rats infected with A. fumigatus and C. 

albicans (Wasan et al. 2009). A nanosuspension coated with polysorbate 80 and 

sodium cholate was shown to be capable of brain delivery and showed moderate 

efficacy in vivo (Lemke et al. 2010). Elsewhere an innovative approach to delivering 

AmB comes from the active targeting system composed of P-Glucosidase-grafted- 

AmB-star poly(ethylene glycol) conjugate. This system selectively releases AmB by 

enzymatic action of P-glucosidase (Sedlak et al. 2008).

3.1.5. Current status of AmB therapy

The advent of lipid-based AmB has negated the need for reduced or alternate day 

dosing as in the case of AmB deoxycholate and with it the potential risks of more 

fungal infections and treatment failure. Nowadays, lipid-based AmB is often 

considered for immunocompromised patients, and as salvage therapy for patients 

previously treated with AmB deoxycholate. In an open-label, single-patient, 

emergency-use study of patients who were refractory to or intolerant of conventional 

antifungal therapy, 162 of 556 patients who entered the study with an elevated serum 

creatinine >2.5 mg/dL as a result of AmB deoxycholate treatment, found their mean 

serum creatinine value decreased significantly from the first week through the sixth 

week and 71% of all AmB lipid complex (Albecet®)-treated patients had improved or 

stable serum creatinine levels (Walsh et al. 1998). Lipid-based AmB is not without 

renal toxicities however and these have been reported in several thousands of patients. 

The rate of renal toxicity is quoted as being between 12 to 13% according to various 

studies (Alexander & Wingard 2005), (Walsh et al. 1999), (Bowden et al. 2002).

Investigations into the efficacy of AmB over the past decade show that in vitro the 

lipid-based AmB formulations generally are less efficacious than AmB deoxycholate.
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They have higher minimum inhibitory concentration (MIC) and minimum fungicidal 

concentration (MFC) values and the rank order is AmB lipid complex >AmB 

colloidal system > liposomal AmB > AmB deoxycholate (Johnson et al. 1998). 

Studies in rabbit animal models showed that gram for gram, lipid-based AmB are less 

efficacious than AmB although the efficacy of lipid-based AmB could be improved 

by increasing the dosage without causing toxicity (Clark et al. 1991). Clinical 

experience with AmB has not yet confirmed the relevance of the laboratory tests and 

it is suggested that the drug release from the lipid carrier can affect the values of MIC 

and MFC.

The lipid-based AmB formulations still remain the most expensive antifungal agents 

based on daily cost even though they have been available on the market since the 

1990s. The daily cost for an average adult is 5 USD and approximately 300 to 1000 

USD for AmB deoxycholate and lipid-based AmB respectively (Source: BNF 

September 2010). This poses a dilemma for physicians who have to weigh up the 

risks/ benefits in the selection of the most appropriate AmB formulation for their 

patients: to risk renal toxicity together with potential treatment failure and have the 

cost savings with AmB deoxycholate or to justify the need for lipid-based AmB. In 

third world countries however, the use of lipid-based AmB is certainly out of the 

question due to economic reasons.

3.2. Preparation of AmB/PGA complex

Amphotericin B was chosen as the model water insoluble drug for this project for a 

number of reasons. First of all, it is poorly water-soluble. Secondly, it has many 

inherent cytotoxicity issues that (in its conventional formulation) have limited its use 

clinically. The goal of this project was therefore to tackle many of these challenges by 

packaging this drug with a biodegradable and biocompatible material such as PGA. 

The hypothesis was that by associating AmB with such a polymer would confer not 

only water solubility but also help masking AmB’s inherent toxicities by the virtue of 

drug-polymer association thereby minimising exposure of non-target tissues to the 

drug. Furthermore, association of AmB with a polymer could prolong its blood
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residence time since the drug is not readily filtered out via the kidney route due to the 

higher molecular weight of the polymer.

There have been various attempts at improving the water solubility of Amphotericin 

B, a water-insoluble antifungal and antileishmanial agent by conjugation to polymers 

such as poly(ethylene) glycol (Sedlak et al. 2008) and polysaccharides (Ehrenfreund- 

Kleinman, Golenser, & Domb 2004). However, such methodologies are often fraught 

with problems such as complex chemistry in fabricating a linker and in purifying the 

final product and the uncertainty of drug release from the conjugate.

The discovery by chance by Dr Godwin at the School of Pharmacy, London during 

the preparation of a polymethacrylic-AmB conjugate, there was non-covalent 

association between drug and the polymer which was unaccounted for. This 

subsequently led to the successful formulation of a stable complex of non-covalent 

nature between polymethacrylic acid and AmB by Dr Harris during her PhD. The aim 

of this project is to fabricate a similar polymeric platform in order to solubilise water- 

insoluble drugs.
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Activated poly(methacrylic acid) forms water soluble complexes with AmB in an

alkaline hydrolysis reaction. The leaving groups are the NHS moieties.
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There was however a major drawback with using poly(methacrylic acid) where the 

degree of A^-Hydroxysuccinimide (NHS) estérification was 100%. Despite numerous 

attempts at purifying the final product by dialysis, it was not possible to successfully 

remove completely the leaving group (NHS). One of the main objectives in this 

project therefore was to investigate whether it was possible to run the complexation 

reaction using PGA partially esterified with NHS and if this proved to be successful 

whether it was possible to completely hydrolyse and remove the NHS pendants. In 

addition to the above problems, there is also a potential problem in using a non

degradable polymer for parenteral administration. Non-degradable polymers such as 

poly(9-vinyladenine) and poly( 1 -vinyluracil) are known to remain associated with 

cells for several generations. In mammalian cells grown in culture and in mice, 

polymers were shown to slowly accumulate in the liver, spleen, and thymus and 

remain there for up to a month (Noronha-Blob et al. 1977). At present, the long-term 

effects of polymer retention in animal tissues are not fully understood.

The aim was to establish optimum reaction conditions in order to achieve a maximum 

complex yield. Activated PGA and AmB of different molar ratios were allowed to 

react together and the complex with the best AmB loading was selected for the next 

formulation study. The effect of the polymer’s NHS loading on the drug loading of 

the complex was also investigated.

3.2.1. Materials and methods

In a typical complexation reaction, NHS-activated PGA (10 mg, 68.9 mmol) 

solubilised in anhydrous DMSO (200 pi) was added in a drop wise fashion to AmB 

(7.0 mg, 7.47 mmol, Sigma-Aldrich) also solubilised in anhydrous DMSO (200 pi) in 

a 10 ml round bottom flask with stirring. After 15 minutes, NaOH (109 pi, 109 mmol) 

was added slowly (1 drop per 5 seconds) to the mixture. Water (1 ml) was 

immediately added and the solution was left to stir for 1 h at room temperature. After 

ftirther dilution with water (3.5 ml), the solution was purified by the dialysis method 

(dialysis membrane from Visking, MW cut-off 12,000 -14,000 kDa) against 4 litres of 

deionised water over 24 h with at least ten changes of water. Finally, the dialysate was
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filtered through a 0.2 jxm filter and freeze-dried to yield a dried yellow/orange 

product.

3.2.2. Characterisation of AmB complexes

3.2.2.1. Nuclear Magnetic Resonance Spectroscopy (NMR)

The protocol is as described in Section 2.1.2.2

3.2.2.2. UV Spectroscopy

Complex samples were analysed using a Hitachi UV-2800 UV-Visible 

spectrophotometer. The spectrum of AmB absorbance is in the region of 300-450 nm. 

The AmB concentration was measured at 409 nm. A standard curve of concentration 

relative to optical density was established using serial dilutions of AmB in DMSO. 

The AmB concentration in the complex sample was calculated by extrapolation of the 

optical density obtained.

3.2.2.3. High Performance Liquid Chromatography (HPLC)

HPLC was carried out using an Agilent Zorbax SB-C18 (4.6 mm x 250 mm, 5pm) 

analytical column. The mobile phase was 33% acetonitrile in 2.5 mM disodium 

edentate. The flow rate was adjusted to 1 ml/min with an injection volume of 10 pi. 

AmB was detected at 407 nm. The samples were dissolved in water and filtered 

through a 0.2 pm filter before injection.

3.2.2.4. Thin layer chromatography (TLC)

Silica plates (250 pm thickness, Sigma-Aldrich) with aluminium backing were used 

for compound separation. The mobile phase ranged from low polarity (methanol) to 

medium polarity (methanol/water) and high polarity (methanol/acetic acid).
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For the visualisation of compounds, the following stains were used:

• Iodine -  for the detection of AmB, NHS and derivatives (light brown)

• Bromocresol -  for the detection of PGA

3.2.2.5. Fourier transmission infra-red spectroscopy (FT-IR)

Protocol as described in Section 2.1.2.3

3.2.2.6. Transmission electron microscopy (TEM)

The morphologies of the complexes were observed by TEM (JEOL) at 100 kV. The 

first step was to coat the grid with formvar film using the following protocol: a clean 

glass side was dipped in formvar solution (5% in spectroscopic grade chloroform), the 

glass slide was scratched and the edges of the formvar film were floated on the 

surface of distilled water in a special container. Next the 2090 mesh copper grids were 

placed up-side-down on the floating plastic film then a piece of filter paper was 

placed on the plastic film and lifted out from the distilled water. These formvar-coated 

grids were dried in vacuum desiccators. The dried grids were then coated with carbon 

under vacuum using a graphite electrode.

To take the TEM pictures of the particles, a drop of the complex solution was placed 

on a copper grid coated with carbon and kept for sometime until the solvent had 

evaporated. The dried grid was examined under the transmission electron microscope 

at different magnifications depending on the size of the particles.

3.2.2.7. Size and zeta potential analyses

The particle size and zeta potential of the AmB/PGA complexes in solution were 

evaluated using a Zetasizer Nano ZS (Malvern).
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3.2.2.8. Differential scanning calorimetry (DSC)

The samples (2-5 mg) were measured and sealed in hermetic pans, DSC 

measurements were performed using a DSC Q2000 (TA Instruments) with a nitrogen 

purge gas flow rate of 25 ml/min. Moisture was removed by preheating the samples 

from 25®C to lOO^C at a rate 10°C /min, and then held at 100°C for 3 minutes. 

Finally, the samples were quenched at -10°C before being heated to 250°C at a rate of 

10°C/min. In each run, an empty pan was used as a reference and the instrument was 

calibrated for temperature and enthalpy with indium (melting point 156°C and H = 

28.4 J/g).

3.2.2.9. X-ray powder diffraction (XRPD)

The XRPD patterns were measured using a Philips X-ray generator PW3830 

Panalytical equipped with Xpert Highscore software. The voltage and current of the 

X-ray tube were 45 kV and 30 mA, respectively. The 20 scanning range was 5-30°. 

The sample (100 mg) was compressed into a thin, smooth surface disc and mounted 

onto the sample lodging (Phillips PW1820). The amount of recrystallisation was 

calculated by comparing the relative peak to the sample to that of the native 

crystalline drug.

3.2.2.10. Stability in solution

This study was conducted at 2-8®C and 25^C with a pair of complexes: complex ~110 

kDa and complex ~55 kDa. Complexes at the pre-determined AmB concentration of 

500 pg/ml were prepared and stored at temperatures 2-8^C or 25^C for a period of 4 

weeks. These were protected from sunlight to avoid photodegradation of amphotericin 

B. At a predetermined time, an aliquot of the solution was filtered through a 0.22 pm 

filter and its concentration determined by HPLC. Dynamic Light Scattering was used 

to evaluate the change in size distribution over the period of study.
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3.3. Preparation o f AmB/PAGA complex

3.3.1. The synthesis of NHS-activated PAGA

3.3.1.1. Materials and methods

Prior to the synthesis, poly-L-glutamic acid sodium salt MW 50-70 kDa (Sigma- 

Aldrich) was required to be converted to the acid form of the polymer. This 

conversion was performed by dialysing the poly-L-glutamic acid sodium salt against 

water (pH adjusted to 4 by HCl). The resulting solid suspension was freeze-dried to 

obtain the PAGA powder.

For the synthesis of NHS-activated PAGA, the protocol was as described in section 

3.2.1 except that the PAGA MW 50-70 kDa was used instead of PGA.

3.3.2. Complexation of AmB and PAGA

3.3.2.1. Materials and methods

Preparation of the AmB/PAGA complex was performed as described in section 3.2.1 

except NHS-activated PAGA (30% NHS loading) was used instead of NHS-activated 

PGA.
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3.4. RESULTS

3.4.1. Optimisation studies

In all of the optimisation studies, NHS-activated PGA (PGANHS) at 88% 

estérification was used to maintain consistency of the results.

3.4.1.1. Solvent selection

As PGA can be easily converted to its sodium salt form using sodium bicarbonate, it 

was hypothesised that it could be used instead of NaOH during the complexation 

reaction. In the first of series of experiments, PGA (10 mg) was solubilised in a 

solution of NaHCO] (66.7 mM) into which AmB (6.5 mg, dissolved in DMSO) was 

added drop wise with stirring and further water (1 ml) was added to the reaction 

mixture. After 1 hour the reaction was stopped and impurities were removed by 

dialysis. However, it was evident that there was no spontaneous formation of water- 

soluble complexes as the reaction mixture remained cloudy. In addition, freeze-dried 

product of the dialysed mixture did not produce a water-soluble solution. These 

observations suggest that interactions did not take place between the polymer and the 

drug. It is possible that although water and DMSO are miscible, the drug and polymer 

molecules were not close enough for the promotion of drug/polymer interactions at a 

molecular level.

AmB, NaHCO

-  CO2 H2O

non-covalent 
complex

AmB

F ig u re  13 A  p ro p o sed  co m p lex a tio n  rea ctio n  u sin g  N aH C O a as so lv e n t fo r  P G A

The complexation reaction was performed in a mixed solvent system. PGA of the free

acid form was solubilised in NaHCOg and AmB in DMSO.
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Beside DMSO, dimethyl formamide (DMF) is another solvent that AmB can be 

dissolved in although to a lesser extent. In order to find out which of the two solvents 

would be better for the complexation of AmB with PGA, two complexation reactions 

were conducted in parallel, one in DMSO, the other in DMF. Products obtained from 

both reactions were water-soluble. However, theoretical drug loadings (TDL) which is 

expressed as the percentage of total amount of AmB incorporated in the polymer over 

intitial amount of AmB used in a reaction, obtained from reactions were as followed:

TDL for reaction conducted in DMF = 27.4 ± 5.5 % (n=3)

TDL for reaction conducted in DMSO = 56.2 ± 3.4% (n=3)

These initial findings suggest that DMSO is a better solvent for the complexation as it 

results in higher TDL.

3.4.1.2. Free acidform of PGA versus NHS ester o f PGA

It would be less problematic if it were possible to perform the complexation reaction 

using the free acid form of PGA, as not only it would negate the need for the NHS- 

activation of the polymer, it would also ensure that the final product was free of the 

leaving group.

To prove that the hydrolysis of the PGANHS ester was a requisite during the 

complexation of AmB, PGA was allowed to react with AmB in the reaction instead of 

the PGANHS esters. It became evident that the free acid of PGA was not readily 

soluble in DMSO, and required at least 24 hours for the mixture to become clear. It 

was noted that there were two distinct differences among the products obtained from 

the two reactions: a) the product obtained from the fi-ee acid of PGA was a pale 

yellow powder compared against an orange powder for that of the PGANHS reaction, 

b) after reconstitution in water the former produced a water soluble but opaque 

solution compared with a clear solution for the latter. Furthermore, analysis of TDL of 

AmB revealed that the TDL of the product obtained from the free acid of PGA was 

lower compared with that obtained from that of the PGANHS (39.2 ± 3.4% and 55.9 

± 4.4% for free PGA and PGANHS respectively). These observations suggest a
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number of important points: firtstly, although the product obtained from the free acid 

of PGA was relatively water soluble indicating some degree of 

interactions/associations between AmB and the free acid of PGA, secondly the 

opaqueness of the resulting solution however implied that there had to be a presence 

of free or non polymer-associated AmB and finally, according to the TDL figures, the 

complexation using the free acid of PGA was less efficient compared with PGANHS. 

Incidentally, complexes made from the free acid of PGA were later shown to have a 

distinct UV spectral profile to those obtained from complexes made from PGANHS 

(Figure 21). Analyses of haemolytic activity of these complexes showed that these 

complexes were more haemolytic than those made from PGANHS.

In comparison to the free acid form of PGA, the NHS-ester of PGA was readily 

soluble in DMSO. The degree of solubility was directly proportional to the extent of 

NHS loading of the polymer. Typically per reaction, 0.2 ml of DMSO was required to 

solubilise completely 10 mg of the activated polymer. It was observed that polymer 

with high NHS loading (90%) was instantly soluble whereas polymer with about 10% 

NHS loading required approximately 1 hour for complete solubilisation and 24 h for 

the free acid of PGA. The resulting mixture was noticeably clear in contrast to that of 

the free acid polymer mixture which appeared to contain some precipitates.

In optimisation studies where PGANHS was used in the complexation reaction, there 

were two important observations which should be mentioned here: (1) following the 

water addition step, the reaction mixture became a clear orange solution, and (2) the 

complexes were readily soluble when re-constituted in water and the resulting mixture 

was of clear yellow/orange in appearance and free of any visual precipitates. These 

observations suggest these complexes were better encapsulated within the polymer 

matrix whilst complexes made from the free acid had weaker interaction/association 

with the polymer matrix and therefore had a tendency to leach out.

3.4.1.3. Solvent volume

Once it was established that DMSO was the better solvent of the two to be used in the 

complexation reaction, the volume of DMSO required to dissolve both PGANHS and
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AmB was investigated. Ideally, the amount of DMSO required should be kept to a 

minimum to facilitate complete removal during the purification steps. However, this 

should be balanced against the content of AmB loading.

In the first experiment, the amount of AmB was kept constant at 6.9 mg whilst that of 

the PGANHS was varied to the following concentrations: 2.5 mg, 5.0 mg, 10 mg, 20 

mg and 40 mg. It was observed that at concentrations 20 mg and 40 mg, there was 

super-saturation and there was evidence of un-dissolved PGANHS. Analysis using 

UV spectroscopy of these two samples indicated significantly theoretical drug 

loadings of 31.2 ± 2.0% and 25.1 ± 1.5% for 20 mg and 40 mg respectively. Similar 

results were also obtained with reactions using lower polymer amounts of 2.5 mg and 

5 mg (26.1 ± 2.0% and 29.4 ± 0.5%, respectively). At 10 mg, the reaction gave the 

best TDL (58.2 ± 1.5%), thus it was considered to be the optimum polymer amount 

for the complexation reaction.

The next goal was to establish the optimum amountof AmB to be used for the 

complexation reaction. This time, the polymer amount was kept at 10 mg throughout 

whist that of the AmB was varied. Thus a range of AmB amounts (1.75 mg, 3.5 mg,

7.0 mg, 14 mg and 28 mg) were reacted against PGANHS at 10 mg. The TDLs for 

those five reactions were 12.5 ± 0.5%; 29.2 ± 2.0%; 55.1 ± 2.4%; 40.2 ± 2.2% and 

36.7 ± 0.5% respectively, suggesting that the optimum AmB amount used in the 

reaction was 7 mg.

3.4.1.4. Reaction time

Hydrolysis and complexation took place simultaneously following the addition of 

NaOH then water. It was thought that enough time should be allowed for complete 

complexation of the drug and polymer. Thus reactions were allowed to run for 0.5, 1, 

1.5 and 2 h. The TDLs of AmB obtained from these reactions indicated that at least 1 

h should be allowed for complete complexation (there was no change at 1.5 h or 2 h 

but a slightly lower yield at 0.5 h). The TDLs of AmB for 0.5, 1, 1.5 and 2 h were 

22.2 ± 1.8%, 30.4 ± 4.1%, 28.8 ± 4.7% and 30.9 ± 1.8% respectively.
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3.4.1.5. Purification of complex

As AmB has a molecular weight of 924 Da and the leaving group N- 

hydroxysuccinimide 116 Da and DMSO 135 Da, they were expected to be removed 

by dialysis. PGA on the other hand with a molecular weight of over 50 kDa once 

complexed with AmB was expected to remain inside the dialysis bag. A dialysis 

membrane with the molecular weight cut-off of 12,000 -  14,000 kDa was chosen. The 

complexes were dialysed against at least ten changes of 4 litres of ultra-pure water 

over 24 hours under stirring and protected from light (AmB is photosensitive). In 

early pilot experiments, when the dialysis water was changed less frequently, 

lyophilised products were not completely dried and there was evidence of residual 

DMSO remaining in the dialysate. Although this type of purification is cumbersome 

and time-consuming, it was however necessary to ensure that the final product was 

fi’ce from organic solvents.

3.4.1.6. Mass balance of AmB

In the preparation of AmB complex, it was inevitable that some of the drug was lost 

in each reaction step particularly during the transfer processes of the reaction mixture. 

It was important to account for the drug loss so that waste could be minimised. The 

following steps were identified as the steps in which AmB was lost and/or not 

recovered in the final product: (1) during transfer of the reaction mixture to dialysis 

membrane, a small volume remained in the reaction flask, (2 ) during dialysis although 

this was largely due to the unbound drug i.e. not associated with the polymer, (3) at 

the end of dialysis; a small volume of the reaction solution that remained in the 

dialysis bag, (4) during the filtration step and (5) AmB complex remained in freeze- 

drying dish and not accounted for.

These dead volumes were collected and diluted with DMSO for the determination of 

AmB concentration by UV spectroscopy. Together with the AmB within the complex, 

these represented the total mass of AmB that was accounted for. Data are pooled from 

three separate experiments and are summarised below. Approximately 90% of the 

initial AmB was accounted for.
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T ab le  6 M ass b a la n ce  o f  A m B  in th e  co m p lex a tio n  reaction

AmB recovered from apparatus which was not accounted for in the complex

AmB loss (%)

AmB in 

complex 

(%)

Total

AmB(%)

Step 1 Step 2 Step 3 Step 4 Step 5

2.83 

± 1.60

5.30

±1.85

2.57

±0.99

1.33

±0.97

6.00

±1.23

71.2

±5.5

89.3

±4.1

3.4.2. Complexation of AmB with PGA

The next investigations focused on the preparation of AmB complexes made from the 

NHS esters of PGA. In a series of experiments, different batches of complexes were 

systematically made from PGA of low to high loading of NHS. Factors such as 

encapsulation efficiency, solubility, purity and the impact on red blood cell lysis (a 

primary marker for toxicity) were investigated. Complexes of high purity (free of the 

leaving group) and low in haemolytic activity would be brought forward for 

biological studies.

AmB, NaOH

-NHS

non-covalent
complex

AmB

F ig u re  14 R ea ctio n  sch em e fo r  A m B /P G A  co m p lex a tio n

The complexation of AmB and PGA with the NHS moieties as the leaving groups. 

The reaction was performed in the presence of NaOH for 1 h at 25^C.
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The activated PGA and AmB were solubilised separately in DMSO overnight. This 

allowed sufficient time for complete solubilisation of the drug and the relaxation of 

the polymer (this despite the higher solubilising capacity of the activated PGA in 

DMSO compared with PGA of the free acid form). Initially, AmB was added 

dropwise to the polymer followed by the addition of sodium hydroxide (also 

dropwise). Upon the addition of sodium hydroxide, the clear reaction mixture 

immediately turned cloudy and precipitates rapidly formed which then immediately 

disappeared following the addition of water. The resulting mixture was visually clear 

and orange in appearance with no precipitates indicating the formation of water 

soluble complexes. During dialysis, the dialysing medium (water) turned yellow. This 

was due the AmB that did not interact with PGA and was small enough to cross the 

dialysis membrane. The reaction mixture remained visually clear throughout the 

experiment and this could be due to the high stability of the complexes. The freeze- 

dried product was a pale orange powder which was highly hygroscopic which 

required to be sealed from relative humidity. For long term storage, it was necessary 

to protect the AmB/PGA complex powder from light and under argon.

The investigation of drug loading efficiency and practical loading of complexes 

prepared from polymer of various NHS contents showed that overall, the AmB 

loading efficiency was somewhere between 65 -  80% and there was no discernable 

trend with regard to the degree of NHS content of the polymer and drug loading 

efficiency. Similarly, the practical loading of AmB was in the region of 30 -  40% and 

did not really correlate to the extent of NHS content of the polymer either. On 

average, complexes consisted of 3 parts of AmB to 7 parts of polymer (w/w).
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Table 7 AmB/PGA complex yields and loadings

Data are pooled from three separate studies (ii=3). ANO VA with post hoc Tukey- 

Kram er m ultiple com parison tests conducted to investigate differences, if  any, due to 

AmB theoretical loading among the entries show ed that all the entries were not 

significantly different from one another (p>0.05), except for entries 2 vs. 5 and 4 vs. 

5. Note that practical loading is defined as the percentage o f the drug found in the 

final product over the total weight o f  the final product.

Entry NHS content of PGA
(%)

AmB theoretical loading 
(%) (± SD)

AmB practical loading 
(%, w/w) (± SD)

1 7 71.8±2.8 31.2±3.5

2 21 68.2 ±4.8 35.4 ± 6.2

3 38 72.2 ±2.4 28.0 ±3.0

4 62 64.7 ±2.1 41.4±3.9

5 92 81.1 ±6.4 29.6 ±2.7

Figure 15 Freeze-dried product of AmB/PGA complex

The Am B/PGA com plex solution was freeze-dried for 72 h to obtain the dry powder 

product which was stored under argon and protected from light.
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3.4.3. Characterisation of complexes

3.4.3.1. Nuclear magnetic resonance spectroscopy ('H-NMR)

'H -N M R  is a useful tool to detect the presence o f  AmB and polym er within the 

complex as well as determ ining subtle structural features, if  any o f  the complex. As 

AmB is not water soluble, it needed to be solubilised in deuterated DMSO. In 

contrast, the complex was water soluble thus its spectra were m easured in deuterium  

oxide. As such, shifts o f  spectral lines were expected. Although the spectrum was 

complex and difficult to interpret, it was still possible to distinguish the two peaks at 

1.85 ppm, 2.05 ppm which correspond to the protons o f  p-CH] and two further peaks 

at 2.25 ppm and 4.15 ppm which correspond to the protons o f the y-CH] and a-CH ] o f 

PGA respectively (Figure 16). The signals attributable to AmB within the complex 

include a collection o f peaks between 1.0 -  1.8 ppm and in particular downfield there 

are a num ber o f  signals that correspond to those o f AmB that are absent in the PGA 

spectrum.

Sample Ref PGAMB 0 NHS LD

NH S

2 . 5 ppm

■ ' ' ' 'F2 ■

ppm F

Figure 16 H-NMR spectrum of PGA/AmB complex

Com plex prepared from PGANHS with an NHS content o f  80%. Note the presence o f 

the NHS peak at 2.7 ppm (inset) which indicates that some NHS groups still remained 

after alkaline hydrolysis.
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One o f  the main concerns with this type o f com plexation was the effective removal o f 

the leaving group, the NHS m oiety after alkaline hydrolysis. Shown here are tw o 

’HNM R spectra o f  com plexes prepared from PGA o f  80% (Figure 16) and 10% 

(Figure 17) NHS content. It is evident that the in the former (80% NHS content), 

there remained the presence o f the NHS m oiety whilst in the latter (10% NHS 

loading), the peak corresponding to the NHS m oiety was absent. As there are m any 

overlapping signals in the spectrum o f the com plex due to the many peaks o f AmB 

and PGA, it was difficult to differentiate the peak attributable to the NHS moiety. In 

order to avoid the problem s o f peak overlappings between the drug and the polym er, 

PGANHS was subjected to the same hydrolysis, purification and freeze-drying 

processes. Figure 18 shows the spectrum o f  the resulting hydrolysed sample o f  

PGANHS (10%). It is possible to see that in the ' H-NM R spectrum  o f hydrolysed 

sample o f  PGANHS alone, alkaline hydrolysis did effectively remove all traces o f  the 

NHS m oiety (Figure 18).

Sample Ref PGAmB pur

No NHS

ppm

J

8 7 59 6 ppm

Figure 17 AmB complex prepared from PGANHS with 10% NHS content

Note the absence o f  NHS peak around 2.5-3.00 ppm, indicating com plete removal o f  

NHS leaving group (inset).
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Ideally, com plexes free o f any contam inants would be the preferred choice and since 

com plexes prepared from a lower degree o f  NHS loading did not affect the overall 

encapsulation efficiency, they would be the preferred choice for the com plexation o f 

AmB.
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Figure 18 H-NMR spectrum of PGANa^

A hydrolysed product obtained from the alkaline hydrolysis o f  PGANHS (NHS 

loading 10%). Note the absence o f  the NHS peak around 2.5-3.0 ppm.

3.4.3.2. UV spectroscopy

As AmB has the ability to absorb light in the UV spectrum in the range o f  300 -  450 

nm, this trait could be used to quantify the AmB loading in the com plex by UV 

spectroscopy. However, it is known that AmB exists in different forms in solution, 

ranging from monom ers to aggregates and super-aggregates (also known as poly
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aggregates) depending upon the media it is in (Rajini Balakrishnan & Easwaran 

1993).

Concentrations play a key part in determining the form of AmB in solution (Ernst et 

al. 1981). At high concentrations, AmB exhibits mostly in aggregate form absorbing 

light in the region of 328 nm whereas at low concentrations, the extent of aggregation 

is much reduced and monomeric form of AmB becomes the most common, 

characterised by absorption of light in the region of 405 -  409 nm. Type of solvent 

also influences the aggregation characteristics of AmB. In aqueous medium, AmB has 

the tendency to aggregate at a lower concentration (>10“ )̂ whereas AmB does not 

form aggregates until the concentration reaches 10"  ̂ M in DMSO (Rajini 

Balakrishnan & Easwaran 1993). Thus, in order to successfully quantify the 

concentration of AmB, ideally the concentrations to be measured should be kept low. 

In addition, a solubilising medium that minimises the aggregation is desirable.

Quantitative analysis of AmB loading by UV

A solvent system that can solubilise both AmB (for the purpose of generating a 

calibration curve) and the complex was sought. In early pilot experiments, it was 

found that although the polymer-drug complex could not have been re-constituted 

directly in DMSO, it was possible to initially re-constitute the complex in water and 

then re-suspend in DMSO to a final concentration of 97% DMSO and 3% water. The 

result was that the AmB was converted to the monomeric form in 97% DMSO as 

shown by the total abolition of the peak at 328 nm (aggregates) and the corresponding 

increase in the peak at 416 nm (monomer) (Figure 19). Alternatively, quantitative 

analysis of AmB by UV can also be carried out using a solvent system containing 

methanol: water (50:50). In this case the monomeric peak can be found at 409 nm.

Once a suitable solvent system was established, a standard calibration curve was 

constructed which exhibited linearity (r^= 0.9929). This meant that measuring AmB at 

higher concentrations was no longer a problem as this solvent system (97% DMSO) 

ensured that most if not all of the AmB was now in monomeric forms. Therefore, all 

the complex samples could be reliably quantified by UV spectroscopy.
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Figure 19 UV spectra of complexes versus amphotericin B deoxycholate in DMSO 

Am photericin B deoxycholate in water (black) where AmB is predom inantly in 

aggregated fonn and in DM SO (red). Complex in DM SO (blue) with AmB now in 

monomeric form.

Modulation o f PGA on aggregation of AmB: Spectral shift

Com parison o f the UV spectra o f  the AmB/PGA com plexes and Am B-deoxycholate 

in water revealed significant differences (Figure 20). In the Am B-deoxyeholate 

spectrum (red line), most o f  AmB exists predom inantly as aggregates. In contrast, 

com plexation with PGA caused a spectral shift from 328 nm to 322 nm (blue line) 

indicating the formation o f super-aggregates o f  AmB. This is very significant because 

AmB super-aggregates have been identified by m any authors as being a less toxic 

species o f AmB. Indeed, in a study where heated A m B-deoxycholate was com pared 

with non-heated Am B-deoxycholate, the former was found the be substantially less 

haemolytic com pared with the latter, and this was attributed to the transform ation o f 

AmB from aggregate (non-heated) to super-aggregate (heated) species (Gaboriau et 

al. 1997a). Incidentally, this signature spectral shift was also observed in the UV 

spectrum o f  the liposomal formulation Am bisom e® (Figure 20). Incidentally, the 

spectral shift was not observed with the complex prepared from the H form o f  PGA 

(Figure 21). W hether or not this spectral shift (i.e. AmB supper-aggregates) is 

responsible for the m uch reduced toxicity observed in both liposomal AmB and
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heated AmB deoxycholate as alluded to by various authors aw aits further evidence. 

Undoubtedly, if  the com plexes proved to be just as low in toxicity as liposomal AmB, 

then it surely would add further support for this argument.

Fungizone®

QQipl̂  1CQjpplex

1.0  

0 .5

Q Q Am bisom e®

nm
3 0 0  3 5 0  4 0 0  4 5 0

Figure 20 UV spectral shifts of AmB/PGA complex, Fungizone® and Ambisome®

UV spectra o f AmB formulations reconstituted in water. Note the shift from 328 to 

322 nm due to AmB/PGA complex and Ambisome®.
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Figure 21 UV spectrum of AmB complex prepared from H of PGA versus AmB complex

Com plexes constructed from PGANHS-ester (black) and from PGA (H* form) (blue). 

Note com plexes constructed from PGA in the form did not result in spectral shift 

and had sim ilar characteristics to Am B-deoxycholate.
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3.4.3.3. High performance liquid chromatography (HPLC)

The elution time o f  AmB from PGA/AmB com plex was com pared with those o f the 

native drug AmB and AmB deoxycholate (Fungizone® ). The results obtained indicate 

that these three were near identical; the peak appeared at 10.25, 10.19 and 10.20 

minutes for AmB, AmB deoxycholate, and the com plex respectively (Figure 22). 

Furtherm ore, the chromatogram  o f  the com plex showed an absence o f  AmB 

degradation products. Hence it can be deduced that the AmB within the complex 

remained intact after the formulation processes.

400- -400
Manie

I 200 -200

r & U l l Æ J j j  I  | / \ 1 1  I  I u j 4 - #
6 6 10 12 14 16 18 20

Minutes

Name A,
1 ;

II II II 1 -I 1 1
H

1 1 11; i 111 III ll llll IIIît" ■ l' -

10 12 14 16 18 20

F igure 22 H PL C  ch rom atogram s o f  A m B  com plex , A m B  and A m B  d eoxycholate

Elution times 10.2 min (AmB com plex), 10.25 min (AmB) and 10.19 min (AmB

deoxycholate).
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Although it had previously been thought that the com plexation reaction would yield a 

polym er-drug com plex association that was stabilised by forces such as Van der 

W aals forces, hydrogen bonding and electrostatic interactions, a drug-polym er bond 

held together by covalent bonding sim ilar to the drug-polym er conjugates cannot be 

ruled out. The HPLC column used was a reverse phase hydrophobic affinity colum n 

and the hydrophobic AmB m olecule was expected to interact freely with the column. 

The fact that the elution time remained unchanged implies that the hydrophobic 

affinity between the drug and the column was unaffected by the com plexation. It 

follows that the interaction(s) between the drug and the polym er could not be covalent 

bonding and therefore had to be the non-covalent bonding which is known to be 

com paratively weaker.

3.4.3.4. Thin layer chromatography (TLC)

Plate A Plate H Plate C

inn iiv)

F igure 23 T L C  analysis o f  A m B  com plex

Diagrammatic representation o f  the separation o f  AmB and PGA from the com plex; 

the m obile phase was as follows: A (m ethanol), B (methanol: water; 4:1) and C 

(methanol: acetic acid; 9:1). Lane (i) complex, (ii) PGA and AmB co-spotted, (iii) 

PGA, (iv) AmB. Plates were visualised with iodine then sprayed with ninhydrin and 

stained with bromocresol green.
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TLC is a useful tool to study the nature of interactions between molecules by 

separating them on a silica gel plate using a polar mobile phase. Studies from HPLC 

suggest that the interactions between drug-polymer are non-covalent. To confirm 

whether this is the case a highly polar solvent system was used so that strongly non

polar compounds would migrate far up the plate close to the solvent front whilst the 

polar hydrophilic compounds would remain close to the baseline. A series of solvent 

systems of increasing polarity were used in order to disrupt the interactions between 

the drug-polymer (if the nature of interactions were non-covalent) to give rise to 

distinct spots on the silica gel plate. If however, the forces that hold the drug and 

polymer together were of covalent nature then the complex would only produce one 

spot on the silica gel plate.

The retention factor (Rf) was measured according to the following formula:

R f  = distance travelled bv spot fi'om baseline
distance between baseline and solvent front

The depictions of samples run are shown in Figure 23 and the Rf values are given in 

Table 8 . It was evident that when methanol was used solely as the mobile phase AmB 

did not dissociate from the polymer and remained at the baseline (Rf = 0). This is in 

contrast with free AmB which did move up the gel plate (Rf = 0.54).

Initially, the samples were run using the mobile phase consisting of just methanol. 

Under these conditions the complex did not dissociate. As shown in Figure 23, the 

complex remained on the baseline. It was then decided that the polarity of the mobile 

phase should be increased to disrupt the interactions between the polymer and the 

drug. For this purpose, the mobile phase now consisted of methanol: water (4:1). The 

AmB (plate B, lane iv) now eluted further up the plate and there was evidence of 

some AmB dissociation from the complex (plate B, lane i) although the complex still 

remained on the baseline. The separation of AmB from PGA became more apparent 

when the polarity of the mobile phase was increased further (methanol: acetic acid; 

9:1). In this instance, all the AmB from the complex and the free AmB eluted up to 

the solvent front whilst the polymer remained on the baseline.
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Table 8 TLC retention factor (Rf) of AmB and PGA in various mobile phases

Sample Methanol Methanol:

W ater

(4:1)

Methanol: Acetic acid 

(9:1)

Comvlex

PGA 0.0 0.0 0.0

AmB 0.0 0.0; 0.54 0.87

PGA/AmB mixture

PGA 0.0 0.0 0.0

AmB 3.2 0.54 8.7

PGA 0.0 0.0 0.0

AmB 3.3 0.54 8.7

Attempts at elucidating the nature of bonds/forces that exist between the polymer and 

AmB using TLC yield evidence that: (1) the interactions can not be that of covalent 

bonding as it was shown that these could be disrupted by a polar solvent; (2 ) this is 

also in agreement with the data obtained by HPLC analyses previously, where it was 

shown that the elution times of complexes and the free AmB were identical and (3) 

forces that keep the drug and polymer as a complex must be physical in nature and 

could be one or more of the following: H-bonds, Van der Waals, electrostatic force or 

hydrophobic interactions.

3.4.3.5. Fourier transmission infra-red spectroscopy (FT-IR)

The FT-IR spectrum of the complex confirmed 0-H  absorption at around 3297 -  3375 

cm ’ and a COO stretch vibration at 1696.72 cm ’, both of which were present in the 

spectra of AmB and the complex (Figure 24). These are the two common features in 

both AmB and PGA molecules. Amphotericin B was characterised by the conjugated 

alkene chain and the presence of multiple -OH groups and these were both present in
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Ihe AmB spectrum, appearing at 1690.72 cm*' and at 3375.80 cm '' respectively. The 

com plex spectrum also showed evidence o f these bands; however since they overlap 

with those o f  the -C O O  group and N-H group, the peaks appear broader. An 

im portant feature in these spectra was the increase in intensity o f  the 0 -H  band in the 

com plex which indicated a complex formation between the drug (Am B) and the 

polym er (PGA).
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Figure 25 F T -IR  sp ectru m  o f  A m B  (top) and A m B /P G A  com plex (bottom )

Note the increase in intensity o f the O-H band in the com plex indicating the com plex 

formation between the drug (AmB) and the polym er (PGA).
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3.4.3.6. Transmission electron microscopy (TEM)

TEM is a m icroscopy technique whereby a beam o f eleetrons is transm itted through 

an ultra thin specimen, interacting with the specimen as it passes through it. An image 

is formed from the electrons transm itted through the specim en, m agnified and focused 

by an objective lens and appears on an imaging screen, a fluorescent screen in m ost 

TEM s, plus a monitor, or on a layer o f photographic film, or to be detected by a 

sensor such as a CCD camera.

F igure 26 T E M  o f the A m B /P G A  com plex

The nanoscale o f  nanoparticles which were uniform ly distributed between 20-40 nm

When a sam ple o f  the complex dissolved in water was analysed under the electron 

m icroscope, the formation o f vesicles was observed. It was apparent that theses 

nanoparticles exhibited reasonable uniformity, ranging between 20-40 nm. The 

appearance o f  these vesicles was sim ilar to the micellar structure (Figure 25). It is 

possible that as the com plex was added to water, these molecules behaved like those 

o f am phiphiles, with the PGA being the hydrophilic segm ent whilst AmB the 

hydrophobie tail end. Given that the solubilising medium is aqueous, these m olecules 

re-arranged them selves so that the hydrophilic PGA projecting outwards into the 

aqueous m edium  whilst the hydrophobie end (AmB) pointing inwards. The resulting 

arrangem ent was probably more therm odynam ically favourable.
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3.4.3.7. Size and zeta potential

Dynamic Light Scattering or Photon Correlation Spectroscopy is a w ell-established 

technique for m easuring the size o f m olecules in solution as they undergo Brownian 

motion. As the m olecules are illuminated with a laser, the intensity o f the scattered 

light fluctuates at a rate dependant on the size o f  the m olecules. The velocity o f  the 

Brownian motion is deduced from the intensity fluctuations and is then used to 

calculate the size o f  m olecules using the Stokes-Einstein relationship.
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Figure 27 S ize  o f  A m B /P G A  com plex by DLS

The diam eter o f  the com plex in solution measured by DLS was -1 0 0  nm with a 

typical polydispersity index o f 0.322

On the contrary to the observations by TEM , analyses by DLS revealed that the 

complex species were in the range o f approxim ately 100 nm instead o f 20-40 nm. It is 

not uncom m on however to observe this disparity betw een the two methods. It is 

known that the diam eter measured in DLS is the hydrodynamic diam eter o f  a 

molecule as it diffuses within a fluid and is dependent on not only the size o f  the 

molecule but also the surface structure, concentration and type o f ions in the medium. 

Because o f  this, it can be larger than that m easured by TEM  where the molecule is 

removed from its native environment. The pulsating nature o f  the nanoparticles could 

well account for the overestim ation in size by DLS whilst aggregation o f 

nanoparticles could also give rise to larger apparent diameters.
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Table 9 Size and zeta potential of AmB/PGA complexes

Sample Z-average (nm)
Polydispersity

index

Zeta potential 

(mV)

C 110 kDa 122.5 ± 0.5 0.322 ±0.021 - 45.5 ± 1.6

C65 kDa 96.3 ± 2.2 0.182 ±0.056 - 49.8 ± 3.2

C 55 kDa 111.4± 1.8 0.123 ±0.002 -51 .0±0.5

Information with regard to the zeta potential is important because predicts whether a 

formulation is stable or not in solution. The zeta potential is the potential at which the 

particle’s acquired outer layer moves past the bulk solution. Interparticle interactions 

are mediated by the zeta potential and particles of the same charge sign will repel 

each other. High zeta potential confers stability since the forces that keep the particles 

apart prevent aggregation. Zeta potential can be measured by applying an electric 

field across the dispersion. Particles with zeta potential migrate towards the oppositely 

charged electrode with a velocity depending on its charge magnitude. In 

pharmaceutics, stability of a formulation can be enhanced by increasing the zeta 

potential of a particle using additives (Li et al. 2009)

Since PGA is polyanionic and it is negatively charged at neutral pH, it is not 

surprising to find that the surface charge of the complex is around -50 mV. The result 

shows a narrow distribution of zeta potential (Figure 27).
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F igure 28 Z eta potentia l o f  A m B /P G A  com plex

The im plication o f the negatively charged com plex is that the cellular uptake m ay be 

hindered due to the electrostatic repulsion forces between the com plex and the 

negatively charged surface o f cells. However, negatively charged nanoparticulate 

systems have an advantage over their positive counterparts in that they are expected to 

evade interactions with positively charged blood com ponents in particular albumin 

and additionally the com plex being a m acrom olecular system is expected to benefit 

from the EPR effect.

3.4.3.8. Differentia/ Scanning Calorimetiy (DSC)

In order to better understand the physical state o f  AmB within the com plex and the 

interactions between drug and the polymer, DSC therm ogram s o f  the com plex and its 

constituents were obtained. The therm ogram  o f AmB showed an endotherm ie peak at 

184*^C corresponding to the m elting tem perature (T ,̂,) o f  AmB with an exotherm ic 

transition between 210°C and 2 2 0 V  corresponding to the drug degradation (Figure 

28). PGA was shown to have m elting tem perature o f 200^C and began to decom pose 

at tem peratures over 220^C. The com plex’s therm ogram  on the other hand exhibited 

no apparent endotherm ie peaks indicating changes in the physical state o f  both AmB 

and PGA. At this stage, it was speculated that the com plex could be amorphous. 

A ccording to studies on poly(y-glutam ic acid) ester derivatives, the flatness exhibited 

is indicative o f  the am orphous nature o f  the material (Perez-Cam ero, Vazquez, & 

M unoz-Guerra 2001). Furtherm ore, the com plex was shown to have a Tg o f  190V  

which is higher than that o f  AmB. Higher glass transition tem perature is associated
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with higher stability (Duddu & Dal M onte 1997). To prove that the com plex was not 

m erely a m ixture o f  AmB and PGA, a therm ogram  o f  the physical m ixture o f 

Am B/PGA with a ratio o f  3:7 (which closely mimics the ratio o f AmB and PGA 

within a com plex) was also obtained. The trace attributed to this m ixture showed two 

endotherm ie peaks at 157V and 206V representing AmB and PGA respectively. It 

would appear that AmB now had a lower m elting tem perature and as a result this 

implied that AmB now had become less stable. The reduced Tm o f  AmB in the 

physical m ixture could either be due to the PGA acting as an im purity or the 

m echanical process (physical act) o f m ixing AmB and PGA.
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F igure 29 D SC  th erm ogram s o f  A m B  com plex  and starting  m ateria ls

Samples (2-5 mg) herm etically sealed in aluminium pans and scanned from 0 - 250°C 

at a ramp speed o f 10°C/min under nitrogen purge with a flow rate 50 ml/min.

3.4.3.9. X-ray powder diffraction (XRPD)

In order to confirm the am orphicity o f  the complex, X-Ray diffraction patterns 

(XRDP) were obtained in the subsequent studies. XRPD is a useful analytical
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technique often perfonned to investigate the effect o f  the formulation process on the 

crystallinity o f both the drug and the polymer. The XRPD pattern o f  AmB powder 

(blue line) clearly showed intense sharp peaks whieh were characteristic reflections 

from the crystals (Figure 29). The XRPD patterns corresponding to PGA (pink line) 

showed several broad and diffuse peaks whieh indicated that PGA itself was 

semicrystalline. PGA as with m ost polym ers is not com pletely crystalline due to the 

insufficient order along the chain o f linear m acrom olecules (W idmann 1987). In 

contrast to both the starting materials, the com plex sample (red line) showed a flat and 

diffuse pattern with no intense crystalline peaks confirming that the com plex was 

am orphous in form as suspected.
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Figure 30 X-ray powder diffractograms of AmB complex, PGA, and AmB 

AmB/PGA complex (red), PGA (pink) and AmB (blue). Note the diffuse and flat 

pattern o f the complex indicating that it was amorphous.

Once it was established that the AmB present in the complex was am orphous, it was 

essential to assess its stability over time. It is known that the am orphous state is highly 

energetic and over time it may re-crystallise and this may ultim ately affect its water 

solubility, pharm acokinetics and dissolution.
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In order to examine the stability o f  the eom plex, XRDP patterns o f the com plex were 

obtained for the complex samples stored at three distinct sets o f  tem peratures 2 -S V , 

25®C and 6 0 V  over two months. These tem peratures were chosen to represent real- 

life settings around the world to whieh the complex formulations m ay have to be 

subjected.
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Figure 31 X R D P  patterns for A m B  com plex  over tim e under variou s cond itions

From top to bottom: reference eom plex before and at 4®C, 2 S V  and 6 0 V  respectively 

after 2 months. No significant change in am orphous content or re-crystallisation in 

any o f  the samples.

Figure 30 shows the XRDP o f the eomplex after two m onths under different storage 

conditions. There was no significant difference between the reference eom plex (blue), 

and the sample stored at 4^C (turquoise). The XRDP o f  the sample stored at 25^C 

however shows a small peak at 35^ 2Theta, indicating perhaps a small degree o f  re

crystallisation. However, since the sample was shown to have no change in the XRPD 

pattern at 60®C (yellow) implying the stability o f the sample, one could attribute the 

appearance o f a small peak in the sam ple at 2 S V  to the equipm ent’s artefact.
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3.4.3.10. Stability in solution

Currently, some AmB formulations such as Fungizone® and Ambisome® are only 

available as dry powders thereby requiring reconstitution prior to administration. 

Information with regard to the stability of the formulation after reconstitution is useful 

because not only it would provide clinicians with guidelines for storage and 

bioavailability, it would also greatly reduce wastage and therefore costs. According to 

the data sheet, Ambisome® once reconstituted is only guaranteed to be stable for 1 

week at 2-8^C.

T ab le  10 S ize  d istr ib u tio n  o f  A m B  co m p lex es and  %  A m B  rem a in ed  in co m p lex  in  so lu tio n

The experiment was performed over 4 weeks at temperature 4^C and 25^C. Data are 

pooled from three different experiments. The results are means (n= 3).

Entry %AmB remained in comnlex 
Size distribution (nm)

week 0 week 1 week 2 week 3 week 4

C l  10 kDa 
(4"C)

100 
113.9 ±4.5

99.5 ±0.5 
118.2 ± 2.8

97.5 ±3.2 
115.1 ±6.5

96.4 ± 4.9 
124.7 ±0.5

92.2 ±1.2
110.2 ± 2.0

C 55 kDa 
(4«C)

100 
128.1 ± 2.2

98.7 ±2.7
121.7 ± 1.2

100.1 ±4.6 
121.9±3.7

98.9 ±3.9 
129.8 ±3.2

91.3±2.9 
125.2 ±3.8

C 110 kDa 
(25°C)

100
113.9±8.1

99.2 ±1.4 
112.7 ±2.5

95.4 ±1.1 
113.6±5.1

96.8 ±2.9 
118.9 ±3.4

89.2 ±4.2 
114.4 ±7.6

(C 55 kDa 
25°C)

100 
128.1 ± 6.2

98.9 ±1.6 
123.4 ± 1.2

90.4 ±4.3 
127.1 ±1.9

92.3 ±5.2 
125.4 ±7.3

86.2 ±2.2 
123.6 ± 13.5
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The data obtained from this study shows that both complex samples were stable in 

solution either at 2-8^C or at 25®C for one week. More than 95% of the AmB was 

found to remain associated with the polymer. In fact, both samples remained stable 

for 3 weeks when stored at 2-8^C whilst solutions stored at 25®C lost >10% of AmB 

content by week 4. The data suggests that the stability of the complex is greater at 2- 

8®C.

3.4.4. Synthesis and preparation of AmB complexes based on PAGA.

Due to the similarities between the two polyamino acids alpha and gamma, it was 

thought that the preparation of AmB complexes based on PAGA would be entirely 

feasible. Described below is a brief description of the synthesis of the NHS-activated 

PAGA followed by the preparation of the AmB/PAGA complexes.

3.4.4.1. The synthesis of NHS-activated PA G A

O 1 O 1

NHS, DIPC 
 >
25°C, 24h

COOH

F ig u re  3 2  R ea ctio n  sch em e for  th e  N -h y d ro x y su cc in lm id e  a c tiv a tio n  o f  P A G A

The NHS moieties were coupled with the pendant COOH groups of PAGA using

DIPC. The reaction was performed at 25®C for 24 h
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'H-NMR

The grafting o f  the NHS m oieties onto the COOH pendant groups o f PAGA was 

successfully carried out. Below is the ' H-NM R spectrum  o f a sample which clearly 

shows the evidence o f the NHS attachment to PAGA at around 2.7 ppm. The NHS 

content was estimated to be 30%. The results obtained in this study also paralleled 

those o f  other investigators in the synthesis o f  the NH S-activated PAGA (Iwata, 

M atsuda, M itsuhashi, Itoh, & Ikada 1998). A problem  encountered during the 

synthesis was in the precipitation o f the final product from DMSO. Unlike the 

PAGANHS which readily coalesced into solid which was subsequently difficult to 

separate into powder; the PAGANHS behaved in the opposite m anner and did not 

readily precipitate out into acetone. Slow addition o f  the reaction into ice-cold acetone 

under stirring produced the best result so far.

S<dtnple Ref  a l p h a  p yn h s

N i l s  30% .  L D

jUih

16 15  14  13 12 11 7o 9 8 7 6 5 4  3 2 1 O -1 -2 ' p p m

Figure 33 H-NMR spectrum of NHS-activated PAGA

Estimated NHS content due to the NHS peak at 2.8 ppm was 30%
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3.4.4.2. The complexation o f AmB and PAGA

The complexation reaction of AmB and PAGA proceeded in the same manner as 

observed before for AmB/PGA. The solubilisation of the NHS-activated PAGA was 

much more efficient compared with non-activated PAGA. Upon the addition of water, 

the reaction mixture turned into a clear orange solution indicating the spontaneous 

formation of water soluble complexes. The freeze-dried final product when 

reconstituted in water produced a clear orange solution. Analysis of this solution 

indicated the complex had an average size of 20-40 nm (TEM), a hydrodynamic 

diameter of around 100 nm (DLS) and a zeta potential of -55 mV. These 

physicochemical properties also mirrored those of AmB/PGA complexes

O 1 O 1

A m B, N aO H  

 ►
-NHS

^ a 'O

AmB

F igu re  34  R ea ctio n  sch em e fo r  A m B /P A G A  com p lex a tio n

The complexation of AmB and PAGA with the NHS moieties as the leaving groups. 

The reaction was performed in the presence of NaOH for 1 h at 25®C.
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T ab le  11 A m B /P A G A  c o m p lex  y ie ld s and  lo a d in g s

Data are means ± SD (n=3), pooled from three separate experiments.

E n try A m B  th eo retica l lo a d in g  

( % ) ( ± S D )

A m B  p ra c tic a l lo a d in g  

(% , w /w ) (±  SD )

1 6 9 .9  ± 4 .3 2 9 .5  ± 4 .4

2 63 .2  ± 5 .6 26.1 ± 3 .2

3 76 .9  ± 8 .6 3 4 .7  ± 5 .5

The theoretical loading efficiency was average between 63-77% with a practical drug 

loading of around 30%. These figures were all similar to those for the AmB/PGA 

complexes. UV analysis of the AmB/PAGA complexes showed that they all exhibited 

the spectral shift indicating that the form of the AmB contained within the complex 

was predominantly super-aggregated species. Since these two types of AmB 

complexes shared many structural and physicochemical features, it was expected that 

their biological performance would be evenly matched.
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3.5. DISCUSSION

Polymer science has paved the way for new drug delivery systems which help 

introduce potent but toxic or insoluble drugs thereby extending their in vivo half- 

lives, making them more pharmacologically and pharmacodynamically favourable. 

The main benefits of using polymer-based drugs include (i) an ability to solubilise 

barely soluble or insoluble drugs (ii) opportunities to modulate the pharmacokinetics

(iii) protection of the drug from the blood components and surrounding milieu ( e.g. 

albumin, proteolytic enzymes, antibodies, pH) during transportation to the target site,

(iv) opportunities for passive or active targeting, (v) reduction in immunological 

response and antigenicity (vi) and finally, if required, incorporation of active 

components that may assist with the specificity of the main drug or may work 

synergistically with the main drug. Indeed, the use of biopolymers in the fabrication 

of nanocarriers is proving to be increasingly popular in the field of drug delivery. A 

plethora of nanocarriers have been introduced including micelles (Nishiyama & 

Kataoka 2006), polyelectrolyte complexes (Dekie et al. 2000), liposomes (Yokoe et 

al. 2008) and polymer conjugation (Kato et al. 1984c).

Depending upon the physicochemical properties of the drug, the selection for an ideal 

polymeric carrier is based on the criteria that it has the ability to protect that particular 

drug and to overcome the biological barriers. Traditionally, an approved polymer is 

often chosen because of its safety profile but increasingly, new polymeric materials 

have been designed with the considerations of biological barriers in mind. As a result 

of the growing interest in the application of biomaterials in the pharmaceutical 

industries, a wide range of polymers and composite polymers have been introduced 

including homopolymers (Pillay, Sibanda, & Danckwerts 2005), graft (Zhou et al. 

2008), di-block (Jeong et al. 2000) and tri-block (Liu et al. 2010), the latter exploiting 

properties of different of polymers in order to achieve versatility required in such drug 

carrier. Drugs can be packaged using these polymeric architectures via different 

methodologies from simple complexation, encapsulation to more complex covalent 

conjugation. The most facile of all is complexation which yields complexes that may 

be stable in the laboratory but are often unstable in a physiological environment. 

However, such methodologies are often explored because of their simplicity as well
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as low costs. Much more elaborate methods are those of covalent conjugation that can 

form stable bonds such as ester, amide or sulphide. Such methods although producing 

more stable pro-drugs, are often offset by the complexity and the high costs involved. 

Another problem with such stable bonds is that the drug molecule may not be released 

easily at the target site.

A prerequisite for a polymer to be selected as a candidate is its possession of 

functionalities. Functional groups such as -OH, -COOH, -SH, or -NHS are often 

required in order to attach the drug molecule. However, it can also be a disadvantage 

for a polymer to possess many different functional groups as they may need 

protection and subsequently deprotection during a chemical reaction and hence the 

rise in cost. In view of that, there is a need for a simple yet effective way of 

complexing a drug to a polymer and thus it seems the case for a complexation method 

is not going out of favour just yet.

The synthesis of AmB polymer conjugates has been investigated by many research 

groups. AmB was coupled directly to arabinogalactan via an amine bond 

(Ehrenfreund-Kleinman, Golenser, & Domb 2004) which showed activity against 

Leishmanisais major promastigotes and Candida albicans with reduced haemolytic 

activity. Intravenous pH-sensitive conjugates of AmB with poly(ethylene glycol) 

selectively release AmB at the site of the fungal pathogens in a quest to minimise 

exposure of the toxic AmB compound to the non-target tissues (Sedlpk et al. 2007). 

Both of these methods however, required many chemical synthesis and purification 

steps and the use of toxic compounds.

It is interesting to note that the AmB formulations that went on to become commercial 

success have not come from the conjugation route but from the physical entrapment 

or non-covalent methods. For example, the lipid AmB complex AmB Albecet® is 

produced by non-covalent complexation and is composed of L-a- 

dimyristoylphosphatidylcholine and L-a-dimyristoylphosphatidylglycerol whilst the 

other notable clinically available AmB formulations such as Amphocil® (sodium 

cholesteryl sulphate) and Ambisome® are micellar colloidal suspension and 

liposomes respectively. None of these AmB formulations is produced by chemical

130



conjugation method. Current investigations using complexation method for AmB 

formulation include the inclusion complex of AmB with y-cyclodextrin both in solid 

and aqueous state (Rajagopalan, Chen, & Chow 1986) and complex micelles based on 

a block copolymer poly(2-ethyl-2-oxazoline)-block-poly(aspartic acid) (Wang, Wang, 

& Hsiue 2009). Despite advantages over the conventional AmB formulation 

(Fungizone®), there are some issues with regard to the lipid AmB formulations. Fatal 

fat embolism following AmB lipid complex (Albecet®) administration has been 

reported in one patient and the investigators attributed it to the deposition of the large 

size multilamellar vesicles of the AmB lipid complex in capillaries and small arteries 

of the lungs, brain, kidney, and heart (Tolentino et al. 2004).

PGA was initially investigated for its suitability as a platform for the delivery of water 

insoluble drugs as described in Chapter II. A range of PGA in the molecular weights 

from 20 up to 200 kDa with different NHS loadings are now available for 

complexation with AmB, a drug of limited water solubility with many inherent 

toxicity issues. The aim of this part of the study was to achieve a water soluble 

PGA/AmB complex and to explore the influence of NHS loading on the drug loading 

efficiency and the characteristics of such prepared complexes.

In the selection of a solvent to provide to the optimum medium for the complexation 

reaction, DMSO appeared to be the best solvent in which both the polymer and the 

drug could solubilise effectively. It was thought that complex formation could take 

place when an aqueous solution of PGA sodium salt was mixed with AmB solubilised 

in DMSO. Although DMSO is known to be miscible with water, this method did not 

yield water soluble AmB complexes. Complex preparation was found to be possible 

also in DMF although this method resulted in low yields of the AmB complex. The 

higher drug loading efficiency when the reaction was performed in DMSO may be 

due to the fact that DMSO is a highly polar solvent, providing better solubilising 

capacity for both drug and polymer and as a consequence greatly relaxing the polymer 

chain so that physical interactions between the drug and polymer are greatly 

augmented.
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It was also thought that it was possible to prepare the AmB complexes using the non

activated PGA, i.e. the acid form of PGA since PGA could be solubilised in DMSO 

despite the fact that the degraded PGA was found to be much less soluble compared 

with the parent PGA. Nevertheless, complete solubilisation of the PGA could be 

achieved after 48 hours in DMSO. Although, in a pilot study this method did yield an 

AmB complex, the drug loading efficiency was proved to be low (<10%, results not 

shown) and the complex was not completely soluble in water. There were indications 

that there were some interactions between the drug and the polymer (acid form) but 

these interactions appeared to be weaker than those in the complex produced fi'om the 

NHS-activated form of PGA. Again, just as DMSO is a better solvent than DMF, it is 

speculated here that solubility in the reaction medium perhaps determines whether or 

not a water soluble complex can form.

The next investigation focused on the preparation of AmB complexes made from the 

NHS -esters of PGA. In a series of experiments, different batches of complexes were 

systematically made from PGA with low to high NHS estérification. Factors such as 

encapsulation efficiency, solubility, purity and the impact on red blood cell lysis (a 

primary marker for toxicity) were investigated. Complexes of high purity (free of the 

leaving group) and low in haemolytic activity would be brought forward for 

biological studies.

Optimisation studies established that DMSO was the optimum solvent in which to 

solubilise both PGANHS and AmB; a series of experiments were conducted to 

investigate the influence of the degree of NHS estérification upon the drug loading 

efficiency. It was evident that the NHS-ester of PGA was readily soluble in DMSO 

and the degree of solubility was directly proportional to the extent of NHS 

estérification. Polymer with high NHS estérification (90%) was instantly soluble 

whereas polymer with about 10% of NHS estérification required approximately 1 

hour for complete solubilisation and 24 h for the free acid of PGA. The resulting 

mixture was noticeably clear in contrast to that of the free acid polymer mixture 

which appeared to be less clear. Optimisation studies also established that the 

concentration of PGANHS and AmB to be 50 mg/ml and 35 mg/ml and the reaction 

time more than one hour.
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The investigation of drug loading efficiency of complexes prepared from polymer of 

various NHS estérifications repeatedly showed that overall the theoretical drug 

loading was between 65 -  80% (w/w). The practical loading of AmB was in the 

region of 30 -  40% (w/w) and did not really correlate with the extent of NHS 

estérification. The results indicated that of the PGA samples investigated - in which 

NHS loading ranged from 7 to 92% - there were no significant differences between 

the NHS content of PGA and the AmB theoretical or practical loading efficiency. On 

average, complexes consisted of 3 parts of AmB to 7 parts of polymer (w/w). Overall, 

the complexation reaction was simple and reproducible.

There were two important observations which should be mentioned here: (1) 

following the water addition step, the reaction mixture became a clear orange solution 

and (2) complexes made from NHS ester of PGA were readily soluble when re

constituted in water and the resulting mixture was clear yellow/orange in appearance 

and free of any visual precipitates. These observations suggest that these complexes 

were better encapsulated within the polymer matrix whilst complexes made from the 

free acid had weaker interaction/association with the polymer matrix and therefore 

had a tendency to leach out.

For effective removal of DMSO, reactants that did not take place in the complexation 

reaction and contaminants resulting from possible side-reactions, the reaction mixture 

had to be dialysed 10 times with copious amount of purified water in a beaker of 4 L 

capacity. This part of the experiment was the most time consuming of the overall 

process. The resulting product is highly hygroscopic due to the high content of poly- 

gamma-glutamate and needs to be kept under argon.

Physical entrapment is a solubilisation technique in which the drug loading process 

involves the transfer of the water insoluble drug and the drug carrier from an organic 

solvent into an aqueous environment through a dialysis procedure. For example, 

adriamycin was successfully loaded into the micelles composed of the copolymer 

(poly(ethylene oxide-co-p-benzyl L-aspartate) (PEO-PBLA)) by initially solubilising 

the drug and the copolymer together in DMF followed by dialysis against water 

(Kwon et al. 1995). A related technique is the solvent evaporation method where the
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drug and the polymer are dissolved in an organic solvent followed by removal of the 

solvent by evaporation and finally reconstitution in an aqueous medium and this was 

the technique by which AmB/PVP complexes were prepared by Charvalos et al. 

(Charvalos et al. 2006). It appears that the AmB complexation method shares some 

similarities with these two techniques including the use of a common (organic) 

solvent for both the drug and polymer followed by the solvent removal (by dialysis). 

However, there is a major difference in that there is a requirement of sodium 

hydroxide and crucially complexes made from solvent evaporation technique yields 

the AmB species (aggregates) which differ to those obtained by the complexation 

method (super-aggregates). Previously, Yokoyama et al. also prepared a similar 

system where adriamycin was incorporated into polymeric micelles composed of 

poly(ethylene glycol)-poly(aspartic acid) block copolymer by physical entrapment. 

This procedure was carried out by mixing adriamycin (solubilised in DMF) and the 

copolymer (also dissolved in DMF) followed by dialysis. It is also interesting to note 

that in this study adriamycin-loaded polymeric micelles demonstrated in vivo 

antitumour activity whilst the chemically conjugated adriamycin polymeric micelles 

did not due to the lack of drug release from the micelles (Yokoyama, Fukushima, 

Uehara, Okamoto, Kataoka*, Sakurai, & Okano 1998)

As the coupling of PGA and the NHS moieties was meant to serve as a means to 

increase the solubility of the polymer in DMSO, it was necessary to effectively 

remove these leaving groups after hydrolysis. As mentioned previously, the work with 

the complexation of AmB with PMMA revealed that there were still traces of the 

leaving groups even after dialysis. Since the presence of such organic compounds 

within a pharmaceutical is not acceptable, effective removal of these becomes 

paramount. Bearing in mind that the PMMA used contained 100% coupling with 

NHS moieties, it was thought that a lower degree of NHS would perhaps minimise the 

contamination in the final product. One of the main goals in this project was to 

examine whether it would be possible to prepare an AmB complex based on PGA 

with a lower degree of coupling. It was hypothesised that the task of removing a lower 

NHS content would present less of a challenge.
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HO,

NaOH

F igu re  3 5  A  p ro p o sed  sch em e for  th e  h y d ro ly sis  o f  th e  lea v in g  g ro u p

Possible ring-opening of the NHS moieties

Since the reaction was carried out in an alkaline medium, it is possible that the some 

of the leaving groups were hydrolysed. A proposed structure of the hydrolysed NHS 

moiety is illustrated as shown in Figure 35. AmB could also have interacted with 

these two structures to form complexes. It was likely that the leaving groups 

contained a mixture of these two structures in addition to the possible complexes that 

formed between them and AmB. Since these structures had molecular weights smaller 

than 12,000 -14,000 MW cut-off of the dialysis membrane, they were expected to 

have been effectively removed from the final product.

Table 7 shows the results of the AmB complexation with PGA with various NHS 

contents and confirms that it was feasible to prepare an AmB complex construct based 

on PGA with as little as 7% NHS content. Analyses by ’ H-NMR spectroscopy of the 

complex samples revealed that whilst the presence of the leaving groups still persisted 

in the complex sample prepared from PGA with 80% NHS content, the complex 

sample prepared from PGA with 10% NHS content was free of the leaving groups. 

This piece of evidence became much clearer when a sample of the complex was 

hydrolysed in the absence of AmB. Figure 18 shows clearly that the hydrolysed 

product was PGANa^ of high purity without any observable contamination.

HPLC analyses revealed that the elution time of the complex was 10.20 minutes 

which was almost identical to that for AmB (10.25) and AmB deoxycholate (10.19). 

Since complexation did not affect the way in which AmB interacts with the 

hydrophobic column, it was speculated at this point that the type of bonds that hold
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the AmB and PGA together were of a non-eovalent nature. This theory was tested 

fiirther by analyses by TLC in whieh the bonds between the drug and polymer were 

systematieally disrupted by mobile phases with increasing polarity. When the mobile 

phase became highly polar at a composition of methanol: acetic acid (9:1), AmB 

broke completely free from the complex and began to migrate up the solvent front 

with an identical Rf value. Thus it can be concluded from the HPLC and TLC 

analyses that the interactions between the drug and the polymer are non-covalent and 

could possibly be one of the following: Van der Waals, hydrogen bonding, 

hydrophobic interactions or electrostatic interactions. FT-IR analyses revealed an 

increase in intensity of the O-H band which could be due to the intermolecular 

hydrogen bonding between the drug and the polymer. Although non-covalent bonds 

are known to be weaker than those of covalent nature, they have an advantage in that 

drug release from the carrier is much more easily facilitated. Many drug systems can 

be less active in vivo if the drug release mechanism is inadequate. Drug polymer 

conjugates are often linked together by ester or amide bonds (Kato et al. 1984), 

(Singer et al. 2001). Such systems will require activation by manipulating 

physiological conditions such as pH or the presence of specific enzymes. The AmB 

complexes could well strike a good balance between in vivo stability for prolonged 

blood circulation and efficient drug release at the target site. Once the drug is 

released, it is expected that PGA would be degraded into monomers and excreted via 

the kidney route.

Analyses by TEM revealed the formation of uniform vesicles in the range of 20-40 

nm. These spherical vesicles suggested a micellar-type system. A closer look at the 

structures of AmB and PGA suggests that it is likely that the interactions are via the 

hydrophobic segment of AmB and the hydrocarbon chain of PGA. It is speculated that 

in an aqueous medium the hydrophobic segments of the drug and polymer re-arrange 

to project inwards with the water soluble carboxylic pendant groups projecting 

outward. The net result is a spontaneous self-assembly of a more thermodynamically 

stable micelle formation.

The data obtained by photon correlation spectroscopy however contradicts the size of 

the vesicles. Whereas the TEM analysis indicated that the diameter of the vesicles to

136



be between 20-40 nm, the diameter of these species measured by DLS was found to 

be around 100 nm. The apparent large diameter could be due to the hydrodynamic 

mean diameter of a molecule as it is undergoing Brownian motion. The hydrodynamic 

mean diameter is known to be dependent on solvent, pH and ionic strength. Other 

investigators have also observed the differences between these two analytical 

techniques (Espada et al. 2008).

Particle size and surface charge have a direct influence on the cellular uptake and 

biological processes both in vitro and in vivo (Lu et al. 2009). Studies on polymeric 

nanoparticles (Yin Win & Feng 2005), liposomes (Chono et al. 2007) and quantum 

dots (Osaki et al. 2004) all indicate that size and charge can dictate the route and 

efficiency of uptake. In general, particles smaller than 200 nm are known to be 

internalised by receptor-mediated endocytosis (Couvreur & Puisieux 2005). Although 

electrostatic repulsion between the negatively charged complex and the cell 

membrane surface would present a challenge nevertheless, it has been demonstrated 

that particles with a small size could gain entry into cells via adhesion followed by 

internalisation (Lemarchand et al. 2006).

The complex displayed a net surface charge of -50 mV which is expected of PGA 

since it is known to be polyanionic and negatively charged at neutral pH. Since the 

complex has a high zeta potential and a small particle size it can be expected to be a 

stable colloidal system and aggregation would be unlikely. Another benefit of having 

a high negative charge would be reduced interactions with the negatively charged 

blood components. This is an advantage in delivering AmB which is known to 

interact freely with cholesterol in the red blood cells leading to severe haemolysis. 

Biodistribution of particles is also dependent on size and charge. It has been shown 

that nanoparticles of small size (<150 nm) and slight negative charge are more 

favourable to passive targeting and have a longer blood residence time (Alexis et al. 

2008).

The aggregation state of AmB is reported to have a major influence in its selectivity 

against ergosterol-containing ftingi with respect to cholesterol-containing mammalian 

cells (Legrand et al. 1992). AmB exists in equilibrium as monomers, soluble and non-
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soluble aggregates of which the soluble aggregates appear to induce the permeability 

of cholesterol-containing membranes leading to a intracellular influx (Hartsel et al. 

1994). Interestingly, Fungizone® is reported to predominantly contain this toxic form 

(Espada et al. 2008) and has been shown in this study to have such disposition.

Although the water-soluble monomeric form of AmB has been known to have low 

toxicity (Barwicz, Christian, & Gruda 1992), it however has a high affinity for serum 

proteins (Ridente, Aubard, & Bolard 1999). Since the size of the AmB aggregates has 

a direct influence on the therapeutic effect in mice (Bennette et al. 1963), many 

studies now have indentified the super-aggregates (also known as poly-aggregated) 

form of AmB as the least toxic form of AmB. One of these strategies involved the 

heating of Fungizone® to increase the size of the AmB aggregates in solution 

(Gaboriau et al. 1997a), (Bartlett et al. 2004). The induced-super-aggregates formed 

as a result of condensation of monomers and aggregates. UV analyses of the heated 

AmB showed a new maximum absorption at 321 nm after 20 minutes at 70®C. In 

comparative studies with Fungizone®, heated AmB was reported to have a significant 

decrease in haemolysis and reduced toxicity when evaluated in HT29 cells by the 

MTT assays and did not induce membrane damage (Gaboriau et al. 1997a).

The UV spectrum of the complex illustrates four distinct peaks which are also present 

in the spectrum of AmB deoxycholate. The most interesting feature about the 

complex is the spectral shift of the peak from 328 nm to 322 nm with reference to the 

spectrum of AmB deoxycholate. The peak at 328 nm is attributable to the aggregate 

species of AmB and is the predominant form in the AmB deoxycholate sample. In 

contrast, the signature spectral shift (from 328 nm to 322 nm), according to studies of 

heated AmB deoxycholate, is indicative of the super-aggregated species of AmB. The 

heating process induced the formation of super-aggregates from the AmB aggregates 

and monomers (Gaboriau et al. 1997a).

Interestingly, UV analyses of Ambisome® also demonstrated that it too contained the 

super-aggregated species of AmB, just as the AmB complexes. Espada et al. 

investigated the effect of the aggregation state of AmB on the toxicity of different 

AmB formulations and also found that Ambisome® contained the super-aggregated
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(also known as poly-aggregated) form of AmB (spectral shift from 327 nm -324 nm) 

(Espada et al. 2008). The authors concluded that Ambisome® and the prepared super

aggregated form of AmB were the least toxic aggregated of AmB and that the poly

aggregated state differed from each other. The AmB complexes prepared in this study 

had already demonstrated the poly-aggregated state of AmB and had a greater 

hydrodynamic mean size than Ambisome® (-100 nm vs. 35 nm for complex and 

Ambisome® respectively). Thus, it remains to be seen whether this super-aggregated 

AmB disposition by the complexes would translate into lower toxicity and concur 

with this theory.

As a drug compound undergoes different chemical and physical processes during the 

formulation stage, it is inevitable that changes will occur to the drug compound which 

may result in unexpected physical and biological consequences. One of the most 

useful tools to elucidate the physical state of the drug and the interactions between the 

drug and its carrier is analysis using DSC. The thermograms obtained for the starting 

materials AmB and PGA revealed the melting temperature (T^) to be 170V and 

195^C respectively. The thermogram corresponding to the complex showed a flat 

trace with no apparent endothermie peaks which indicated changes to the physical 

state of the drug and the polymer.

In order to confirm whether the complexes were amorphous, it was essential to carry 

out XRPD studies. XRPD detects the crystallinity of a drug compound and the 

technique is based on the constructive interference of monochromatic X-rays of the 

crystalline sample. AmB showed a collection of sharp peaks which was indicative of 

high crystallinity whilst PGA showed a few diffuse and broad maxima typical of a 

semicrystalline material. The XRPD pattern of the complex instead was a flat and 

diffuse trace which confirmed that the complex was amorphous.

Solid amorphous dispersion is an effective method in improving the dissolution rate 

and solubility of a water insoluble drug. In this approach, the drug is molecularly 

dispersed in the carrier which results in the highest level of size reduction and requires 

no energy to break up the lattice structure during dissolution (Taylor & Zografi 1997). 

The solubility of an amorphous material is reportedly up to more than 24-fold
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compared with its crystalline counterpart (Hancock & Parks 2000). As discussed in 

Chapter I, amorphous materials are unstable and often reverts back to the lower 

energy crystalline state (Serajuddin 1999). The incorporation of a polymer with a high 

glass transition temperature helps prevent the re-crystallisation process by specific 

interactions as well as an antiplastisizing effect. It is interesting to note that changing 

the physical state of AmB to its amorphous form was not intended and it occurred 

merely by accident. It is speculated that this could have resulted from the molecular 

dispersion of the drug in the polymer matrix in a common organic solvent when both 

AmB and PGA were mixed together in DMSO. It is possible that PGA functions both 

as a carrier as well as a stabiliser within the amorphous solid dispersion.

The amorphous state of a poorly water-soluble drug is very much sought after in the 

pharmaceutical industry as it is known to possess a higher dissolution rate and hence 

much higher water solubility. This correlates well and provides an explanation for the 

high apparent water solubility of the complexes. Although the amorphous form of a 

compound is known to be metastable, the presence of a polymer such as PGA would 

help ensure its long term stability by specific interactions.

One of the main drawbacks of an amorphous solid dispersion is that although it 

warrants high water solubility, it is in a highly energetic state and tends to 

recrystallise. PGA is highly hygroscopic and experiences with PGA show that the 

complex must be stored sealed with an inert gas such as argon. To assess the stability 

of the complex, a long term stability test was performed over 2 months at 3 distinct 

sets of temperatures 2-8®C, 25®C and 60^C. These temperatures were chosen to 

represent the real-life settings around the world in which the complex formulations 

may be subjected to.

XRPD patterns for the complexes collected over the 2 month period indicate that they 

remained stable when stored under inert gas at these temperatures except for the 

presence of a small peak in the XRPD pattern for the sample stored at 2 5 indicating 

the start of re-crystallisation. This was unexpected because amorphous materials were 

expected to be more stable when stored at lower temperatures since it is known that 

re-crystallisation is driven by the availability of activation energy. The re
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crystallisation occurred in the sample stored at lower temperature seems to contradict 

this theory. This observation could have been the result of the equipment’s artefact or 

perhaps it could be due to the possibility of moisture sorption during the process of 

transferring the complex into storage vials. Moisture behaves as a plasticizer and 

lowers the glass transition temperature of the material to a lower operating 

temperature thus allowing the molecules freedom of motion. The net result is the 

formation of a stable nucleus and improved bonding and re-crystallisation (Sebhatu, 

Elamin, & Ahlneck 1994). Moisture sorption of amorphous products is a major 

concern during storage and such products are normally sealed under an inert gas to 

prevent re-crystallisation. Although polymers are often used to increase the stability 

of an amorphous product, hydrophilic polymers are hydroscopic and can suffer 

moisture sorption if exposed to humidity (Weuts et al. 2005). PGA in particular is 

hydrophilic and hygroscopic and therefore AmB complexes must therefore not be 

subjected to humid environments to ensure stability. Long term stability of a 

pharmaceutical product is usually carried out over at least 18 months and since this 

study was only conducted over a two month period, it must therefore be subjected to 

further vigorous testing that includes relative humidity components. In the whole, it 

could be concluded that under these storage conditions, re-crystallisation was detected 

over a range of temperatures (2-8^C, 25^C and 60^C) over a period of two months. In 

order to become a viable pharmaceutical product however, it has to be shown to be 

stable for at least 18 months at a given storage temperature.

There were two main reasons behind the study of complex stability in solution. First 

of all, it is possible that the complex may undergo physical changes once reconstituted 

and the result is loss of drug from the carrier and hence failure of treatment. This 

stability data should provide clinicians with useful guidelines regarding reconstitution, 

storage and the possibility of extemporaneous use. Furthermore, whilst the oral 

delivery of AmB remains elusive due to its instability in the acidic environment of the 

GI tract (Robbie, Wu, & Chiou 1999), topical application of AmB is still possible as 

in the case of ocular infection. Current treatment for local fungal infections in the eye 

employs the use of AmB eye drops prepared from Fungizone® which causes cornea 

irritation due to the presence of deoxycholate (O'Day et al. 1986).
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The data obtained from this study showed that the complex was stable in solution 

either at 2-8®C or at 25^C for one week. More than 95% of AmB was found to remain 

associated with the polymer. In fact, both samples remained stable for 3 weeks if 

stored at 2-8®C whilst solutions stored at 25®C lost approximately 10% of AmB 

content by week 4. This compares well against Fungizone® solutions which have 

been reported to lose up to 20% loss of AmB after 1 hour incubation at 37^C. The 

authors attributed the loss of drug to auto-oxidation processes (Gaboriau et al. 1997b), 

(Lamy-Freund et al. 1993).

Whilst AmB eye drops prepared from Ambisome® would be a reasonable alternative 

and have demonstrated good stability according to studies (Morand et al. 2007), it 

does however contains a very low practical loading (<0.05% w/w) of the drug against 

excipients and this potentially may also cause local irritation. The complex may 

therefore be a viable choice to be used as liquid formulation for local delivery (eye or 

lung) as it contains a high drug practical loading (>30% w/w) and is free from 

deoxycholate. In addition the bioadhesiveness of PGA may be an advantage over 

Fungizone® and Ambisome® where ocular (local) delivery is concerned.

Although the project did not set out to include the complexation of AmB based on 

PAGA, its inclusion here was to satisfy the speculation that PAGA could also be used 

to solubilise water insoluble drugs in the same manner. The positive data generated 

for the complexation using PAGA proved that our hypothesis was correct. Not only 

water soluble complexes of AmB were successfully prepared but they also shared the 

same crucial non-toxic form (super-aggregated) of AmB (theoretically). In fact, 

poly(aspartic acid), a structurally similar polymer with a linear polyamide backbone 

and COOH groups also proved a success in the complexation of AmB according to a 

pilot study. One could speculate that a library of NHS-activated polymers of related 

structures including the two poly(glutamic acid)(s), poly(methacrylic acid), 

poly(aspartic acid) and many others could be built and serve as underpinning 

platforms for the complexation of water insoluble drugs. The availability of such 

activated polymers is potentially of crucial importance because the complexation 

method depends on the affinity and interactions between the polymer and the drug
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and thus the rate of success would be greatly improved it there were more than one 

polymer to choose from. This warrants further investigation in the future elsewhere.

143



4. CHAPTER IV 

Biological evaluation of AmB complexes

The clinical outcome of a drug could be predicted using laboratory tests that mimic 

closely the physiological conditions that the drug would undergo. In this chapter, the 

complexes were subjected to an array of tests that examine their antifungal activity, 

toxicological activity, cytokine modulation and uptake and release kinetics. MIC and 

time-kill methodology together are invaluable tools for assessing the activity of an 

antifiingal drug against fungal isolates and yield a reliable predictor of clinical 

outcome (Pappalardo et al. 2009). These methods have been standardised by the 

National Committee for Clinical Laboratory Standards (NCCLS) which ensure 

reproducibility and accuracy (Pfaller et al. 1995). The major toxicology of AmB is 

attributed to its affinity for cholesterol with the resulting lysis of red blood cells and 

cell membrane disruption (Hsuchen & Feingold 1973), (Larabi et al. 2004). These two 

tests provide invaluable information about the complexes’ potential toxicity and 

furthermore in order to make it clinically relevant the performance of the complexes 

were directly compared against those of clinically used formulations amphotericin B 

deoxycholate (Fungizone®) and liposomal amphotericin B (Ambisome®). Since the 

administration of AmB is often accompanied by side-effects which are a direct result 

of cytokine imbalance (Tokuda et al. 1993); the influence of the complexes on the 

cytokine regulation mechanism was also investigated. Finally, the uptake of AmB into 

macrophage and its release kinetics in PBS were investigated which would provide 

useful information and allow for an estimation of the complexes’ pharmacokinetic 

and pharmacodynamic profiles.

The complexes used throughout the biological studies were made fi’om 55, 65 and 110 

kDa of PGA (and 50-70 kDa PAGA). This polymer molecular weight range was 

deliberately chosen to investigate the influence of polymer molecular weight upon the 

complexes’ biological performance. These complexes were also prepared from the 

NHS esters of PGA (or PAGA) with < 10% estérification to ensure they were free 

fi’om possible containement of the NHS leaving group.
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Abbreviations: minimum inhibition concentration (MIC), minimum fungicidal 

concentration (MFC)

4.1. In vitro antifungal activity evaluation

4.1.1. MIC and MFC determination

4.1.1.1. Materials and methods

In vitro antifungal susceptibility testing of yeasts (Candida spp.,) was performed 

according to the guidelines currently being used in multicentre collaborative studies 

by the Subcommittee on Antifungal Susceptibility Testing of the NCCLS. For the 

inoculum preparation, cells from C. albicans and tropicalis were grown overnight on 

Sabouraud dextrose agar (SDA, Sigma-Aldrich) cultures in an ambient-air incubator 

at 35^C. Five isolated colonies of similar morphology were collected using the tip of a 

sterile applicator stick and dispersed in 5 ml of sterile saline. After vortexing for 15- 

20s, the turbidity of the suspension was monitored at 530 nm using a 

spectrophotometer and adjusted to 85% transmittance by adding sterile saline to give 

a density of 1-5 x 10  ̂ cfti/ml. This suspension was further diluted with RPMl 1640 

medium (Sigma-Aldrich) to a final density of 1-5 x 10"̂  cfti/ml. For the inoculation 

step, AmB formulation solutions (100 pi) were added to a 96-well flat-bottomed 

microdilution plate (AmB concentration range; 32-0 pg/ml) followed by aliquots of 

the inoculum suspension (100 pi). After 24 and 48 h at 35®C, growth was assessed 

optically at 630 nm. The MIC values were the AmB concentrations at which the 

media remained optically clear. For the determination of MFC values, samples (100 

pi) with no visible growth were subcultured on SDA plates. After 24 and 48 h, the 

colonies on the plates were counted and the MFC values were the concentrations of 

AmB at which there were five or fewer colonies.

AmB formulations: Fungizone® (Bristol-Myers Squibb), Ambisome® (Gilead),

Amphotericin B (Sigma), complexes of PGA (55, 65 and 110 kDa).
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4.1.2. Tim e-kill curves

4.1.2.1. Materials and method

The preparation of inoculum was carried out as in the determinations of MIC values 

and adjusted to a final density of 1-5 x 10  ̂cfu/ml. AmB formulation solutions (as 

described in the MIC determination) were added to Falcon tubes containing fifteen 

millilitres of the inoculum in Sabouraud broth with a final AmB concentration at 16 x 

the MIC. The tubes were shaken at 37^C throughout the experiment. At pre

determined time intervals (0, 1, 2, 3, 4, 6 , 24 h), aliquots (20 pi) of the suspension 

were removed from the tubes and vortexed with of PBS (180 pi) and serially-diluted 

to a final concentration of 10' .̂ Fifty millilitres of the diluted aliquots were seeded 

onto SDA plates and incubated for 24 h at 35^C before the number of cfu was 

counted.

4.2. In vitro cytotoxic activity evaluation

Before a drug formulation is tested in animal, in vitro biological evaluation is carried 

out in order to predict its safety. A formulated drug compound has a known toxicity 

profile and cytotoxic assays are specifically tailored to measure the degree of 

cytotoxicity. AmB is known to cause haemolysis through an interaction with 

cholesterol that is present in red blood cells. The ability of AmB to cause lysis is a 

primary concern during AmB therapy and sometimes can limit the amount of which 

AmB can be administered. It is therefore important to measure the haemolytic activity 

of AmB complexes. Since lactate dehydrogenase (LDH) is abundant in red blood 

cells, its extracellular release is often used as a marker of tissue breakdown. Thus, 

haemolytic activity of AmB formulations can be indirectly measured by determining 

the amount of LDH released extracellularly. Cytotoxicity of a drug can further 

evaluated by MTT assay where the activity of the enzyme, mitochondrial reductase 

that is present in living cells. This enzyme reduces the MTT (3-(4,5-Dimethylthiazol- 

2-yl)-2,5-diphenyltetrazolium bromide) dye, a yellow tetrazole to purple formazan 

product. This colometric conversion is often used as a measure of cell viability.
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These three assays together formed the basis for the assessment of AmB complexes’ 

cytotoxicity. In these studies, other clinically relevant AmB formulations such as 

Fungizone® and Ambisome® were also included for direct comparison.

4.2.1. Haemolysis assays

4.2.1.1. Materials and method

Whole human blood (Sera Lab.) was underlayed (Ficoll solution Type 400, Sigma- 

Aldrich) in a 15 ml Falcon tube and only the red blood cells (RBSs) were retained. 

These were washed three times in PBS (13 ml) with centrifugation at 1800-2000 rpm 

for 6 minutes. A 2% v/v solution of RBCs was prepared in serum-free RPMI (Sigma- 

Aldrich). The test samples (complexes of 55, 65, 110 kDa PGA, Fungizone® and 

Ambisome®) were prepared in serum-free RPMI with a final dosing of 100-50-25- 

12-6 pg/ml. The positive control and negative controls were Triton X-100 (2% v/v) 

and serum-free RPMI respectively. Test samples (100 pi) were aliquoted into a round- 

bottom 96 well microtitre plate followed by 2% RBCs (100 pi). The plate was then 

incubated for 1 hr (or 24 h) at 37®C and centrifuged for 6 minutes at 2000 rpm. The 

supernatant ( 100 pi) was transferred to a flat-bottom plate and its optical density was 

measured spectrophotometrically at 580 nm. The results were calculated using Triton 

X-100 treated wells as the 100% haemolysis reference.

4.2.2. Lactate dehydrogenase release assays

4.2.2.1. Materials and method

J774A.1 cells (Health Protection Agency Culture Collections) are from monocyte 

macrophage cell line, derived from a tumour in a female BALB/c mouse. These were 

grown in a culture medium consisting of DMEM + 2mM Glutamine (Sigma-Aldrich) 

supplemented with 10% Foetal Bovine Serum (Sigma-Aldrich) at 37®C and in a 5% 

CO2 atmosphere. Harvested J774.1 cells were seeded at a density of 10  ̂cells/cm^ and 

were grown to apparent confluence (2-3 days) and subsequently exposed to test
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samples (complexes of 55, 65, 110 kDa PGA, Fungizone® and Ambisome®) at 

concentrations of up to 100 p/ml. After 24 h incubation, cell-free culture supernatant 

was collected and transferred to another plate. To each well, substrate mixture (100 

pi) from the LDH kit (Roche) was added and then incubated for a further 30 minutes 

at 37®C and 5% CO2. The LDH release was detected by measuring the absorbance at 

500 nm. Triton-X (0.1%) was used as a positive control.

NB. LDH released reduces the tétrazolium salt JNT (2-p-iodophenyl-3-p-nitrophenyl- 

5-phenyl-tetrazolium chloride) to formazan by a coupled enzymatic reaction. Thus, 

the release of LDH into the supernatant directly correlates to the amount of formazan 

formed in this step.

4.2.3. MTT assays

4.2.3.1. Materials and method

Cytotoxicity of complexes against human kidney cells HEK 293 (Health Protection 

Agency Culture Collections) was evaluated by MTT assay. The cells were grown in a 

culture medium consisting of DMEM + 2mM Glutamine (Sigma-Aldrich) 

supplemented with 10% Foetal Bovine Serum (Sigma-Aldrich) at 37^C and in a 5% 

CO2 atmosphere. Harvested HEK 293 cells were seeded at a density of 1x10^ 

cells/well in 96-well tissue culture plates and incubated for 24 h at 37^C and 5% CO2. 

After incubation, the culture medium was removed and replaced with fresh medium 

containing various test samples (complexes of 55, 65 and 110 kDa PGA and 

Fungizone®) of AmB concentrations up to 200 pg/ml. Following 48 h of incubation 

at 37®C, 5% CO2, twenty millilitres of MTT stock solution (5 mg/ml) was added to 

each well and the plates incubated for a further 4 h. Finally, the culture medium was 

aspirated and DMSO (100 pi) was added to each well. After 30 minutes at room 

temperature, the plates were analysed spectrophotometrically at 570 nm using a 

Wallac Victor II microplate reader (PerkinElmer, Inc.). The cell viability was 

expressed as a percentage of the absorbance of drug-treated well over that of the 

control well without drug treatment.
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4.3. M odulation of pro- and anti-inflammatory cytokines

4.3.1. Materials and method

4.3.1.1. Isolation of human peripheral blood mononuclear cells (PBMC)

Whole human blood (Sera Lab.) (10 ml) was in initially diluted with PBS (10 ml). 

This mixture was then carefully underlayed with Ficoll (Ficoll solution Type 400, 

Sigma-Aldrich) (10 ml) in a 50 ml Falcon tube. Centrifugation was applied at 1600 

rpm for 30 minutes with the brake off. The resultant layers were from top to bottom: 

plasma -  PBMC -  Ficoll -  red blood cells. The top layer (plasma) was aspirated and 

PBMC layer was carefully aspirated into a 50ml Falcon tube. PBS was added to make 

up 50 ml and the tube was centrifuged at 1200 rpm for 10 minutes, brake off. This 

washing process was performed three times to remove residual plasma and Ficoll. The 

pellets were re-suspended in the culture medium RPMI + 1% L-glutamine and 1% 

pyruvate (Sigma-Aldrich) supplemented with 5% human serum (Sigma-Aldrich) and 

1% penieillin/streptomycin (Sigma-Aldrich).

4.3.1.2. Stimulation of PBMC with AmB formulations

PBMC were counted and seeded into a U-bottom 96 well plate at a density of 5 x 10̂  

per well and incubated with test samples (PGA complex 55 kDa, PAGA complex 50- 

70 kDa, Fungizone® and Ambisome®) at various concentrations (0, 0.125, 0.25, 0.5, 

1, 2 pg/ml) for 24 h at 37^C and 5% CO2.

4.3.1.3. Cytokine measurements

After incubation, the supernatants were collected and immunoassayed for the 

determination of cytokines. The cytokine measurements were carried out using the 

immunoassay kits including Human IL-lra/IL-lF3 Quantikit (R&D Systems) catalog 

number DRAOOB, Human TNF-a ELISA Ready-SET Go! (cBioscience) catalog 

number 88 - 7346, and Human IL-lp ELISA Ready-SET Go! (cBioscience) catalog
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number 88-7010. The assay procedures used were as described by the manufacturers. 

The plates were read at a wavelength of 450 nm, subtracting readings at 570 nm (the 

subtraction accounted for the optical imperfections in the plate). Standard calibrations 

and protocols for immunoassays are found in the Appendix.

4.4. Cellular uptake of complex into macrophages

4.4.1. Materials and method

J774.A1 (Health Protection Agency Culture Collections) was grown in a culture 

medium of DMEM (Sigma-Aldrich) supplemented with 10% PCS (Sigma-Aldrich) 

and 1% penicillin/streptomycin (Sigma-Aldrich) at 37®C in a 5% CO2 atmosphere. In 

order to amplify the effect of uptake, 10 ml of cells (density = 10 /̂cm^  ̂was grown in 

a T75 cm^ flask for 48 hours before exposure to test samples (PGA complex 55 kDa, 

PAGA complex 50-70 kDa and AmB. After 24 hour incubation, the treated cells were 

washed three times with PBS to remove the residual AmB. Drug taken up by 

macrophages was released by the addition of 0.5 ml of RadioImmunoPrecipitaton 

Assay (RIPA) buffer (Sigma-Aldrich) followed by 5 minute incubation on ice (RIPA 

buffer contains the ionic detergent sodium deoxycholate which is used for membrane 

disruption). AmB released was solubilised by the addition of of methanol (0.5 ml) 

followed by cell scraping. The resultant mixture was filtered through a 0.22 pm filter 

and assayed by UV at 416 nm for the determination of AmB concentration.

4.5. Kinetic release of complexes

4.5.1. Materials and method

Fifteen millilitres of complex (dissolved in water) at a concentration of 2 mg/ml was 

placed inside a dialysis membrane with a molecular weight cut-off of 7000 Da 

suspended in a capped beaker containing 30ml of phosphate buffer saline (pH 7.4). 

The beaker was placed in an incubator with a shaking mechanism and the temperature 

maintained at 37®C. At specified time intervals, a 1 ml aliquot of sample was removed 

from the surrounding medium and replaced with 1 ml of fi’esh PBS. Aliquots taken
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were then analysed quantitatively using a HPLC method to detect the presence of 

AmB released from the complex.

4.6. In vivo studies of Amphotericin B complexes

*The following animal studies were performed in collaboration with University of 

Aligarh, India by Dr Mohammad Owais group.

4.6.1. Animals

Female BALB/c mice of average weight 24 g were purchased from JALMA Leprosy 

Research Institute, Agra, India. The animals were fed a standard pellet diet 

(Hindustan Lever Ltd) and water ad libitum. Mice were routinely checked for their 

mortality and moribundity and only healthy mice were selected to be included in the 

study. The techniques used for bleeding, injection and sacrifice of animals were 

strictly performed in accordance with the mandates approved by the Animal Ethics 

Committee [Committee for the Purpose of Control and Supervision of Experiments on 

Animals (CPCSEA), Government of India]. Strain C. albicans was isolated from a 

patient suffering from oropharyngeal candidiasis. The identity of the strain was 

confirmed by biochemical and microbiological procedures.

4.6.2. Method

4.6.2.1. Infection model

Two days before C. albicans infection, mice were made leucopenic by administration 

of cyclophosphamide (250 mg/kg) via lateral tail veins. Each mouse was then infected 

on day 0 with C.albicans (1x10^ cfu/mouse) by intravenous route. C. albicans strain 

obtained was subcultured on Sabouraud dextrose agar plates and the inoculum was 

prepared by placing some fresh colonies in 5 ml of sterile saline (0.9%). The number 

of cells was determined using a haemocytometer.

151



4.6.2.2. Antifungal efficacy study

The efficacy of various formulations of AmB was tested against systemic infection of 

C.albicans in neutropenic mice. Antifimgal treatment was started 24 h after 

challenging the animals with C.albicans (1 xlO* cfu/mouse). The infected animals 

were treated with various formulations of AmB on days 1, 3 and 5 post-challenged to 

infection. Animals were divided in seven different groups (10 mice in each group). 

The efficacy of AmB was assessed by monitoring the survival of the animals and 

determining the clearance of C. albicans from the spleen, liver and kidneys. For 

survival studies, mortality of the animals was controlled twice a day and followed 

during 30 days.

Quantitative assessment of the fungal burden in various vital organs was performed. 

Animals from each group (three animals) were sacrificed on day 7 and 14 post

infection (8 h after the second dose of AmB) in different experiments. Various vital 

organs from each mouse were removed and homogenised aseptieally and plated on 

SD agar plates containing gentamicin to avoid bacterial contamination. After 

incubation at 37 °C during 48-72 h, the colonies were counted and the fungal load 

was calculated by multiplying with the dilution factor.

152



4.7. RESULTS

4.7.1. In vitro antifungal activity evaluation

4.7.1.1. MIC and MFC determinations

Table 9 shows the results of antifungal activities of the complexes against two strains 

of Candida: C  albicans ACTC 14053 and C. tropicalis ACTC 75. In this study, 

commercially relevant formulations of AmB such as Fungizone® and AmBisome® 

were included for comparison whilst AmB solution (in DMSO) also included as a 

positive control. In the determination of MIC values against C. albicans ACTC 

14053, after 24 h, all samples tested yielded MIC values equal to that of AmB (0.06 

pg/ml) except for complex 110 kDa (0.12 pg/ml) and all values increased to 0.5 after 

48 h except for complex 65 kDa and complex 110 kDa (1.0 pg/ml). Against C. 

tropicalis ACTC 75, all samples recorded similar MIC values after 24 h (0.06 pg/ml) 

except complex 110 kDa (0.12 pg/ml) and all values increased to 0.25 for all except 

for AmBisome® (0.12 pg/ml) and complex 110 kDa (0.5 pg/ml).

The MFC values were obtained after 48 h subculturing of the samples from the MIC 

experiments where there was no visible growth. The values for the complexes were 

equal or one-fold higher compared with those for AmB against both strains, except for 

complex 65 kDa against C.Tropicalis ACTC 750 where the MFC value was 1 dilution 

lower. Overall, MIC and MFC values of all complexes. Fungizone® and AmBisome® 

were consistently equal or one-fold dilution higher or lower than those recorded for 

AmB. These findings prove that all complexes retained their antifungal activities 

against the two Candida spp. tested. Likewise in the same study, the clinically used 

formulations (Fungizone® and AmBisome®) were also shown to have similar 

efficacy.
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T ab le  12 M IC s an d  M C F s o f  A m B  co m p lex es

Antifungal activities of complexes, Fungizone®, AmBisome® and AmB against 

Candida spp. MICs and MFCs expressed as (pg/ml). Data are means of triplicates 

(n=3). Assay range 0.03-16 pg/ml (original concentration = 32 pg/ml); inoculum size 

-1x10*  using method AM3-Candida. All units are expressed as pg/ml.

Formulations C. albicans ACTC 14053 C. tropicalis ACTC 750

24h

MIC

48h

MFC

48h 24h

MIC

48h

MFC

48h

C 110 kDa 0.12 1.0 1.0 0.12 0.5 1.0

C 65 kDa 0.06 1.0 1.0 0.06 0.25 0.25

C 56 kDa 0.06 0.5 1.0 0.06 0.25 1.0

AmB 0.06 0.5 0.5 0.06 0.25 0.5

Fungizone® 0.06 0.5 0.5 0.06 0.25 0.5

AmBisome® 0.06 0.5 0.5 0.06 0.12 0.5

PGA 110 kDa - - - - - -

PGA 65 kDa - - - - - -

PGA 55 kDa - - - - - -

In order to ascertain whether PGA itself had any antifungal activity, PGA of various 

molecular weights (56, 65, 110 kDa) were also tested. No activity was found in any 

PGA samples tested. Synergism sometimes can occur as a result of drug-excipient 

interaction but this can be ruled out as the MICs and MFCs of the complexes were 

equivalent or higher than those of amphotericin B.
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4.7.1.2. Time-kill curves

1 0  -1

0)
.2i)

Time(h)

■C 110 kDa 

C 65 kDa 

C 55 kDa 
Fungizone 

Ambisome 

Control

Figure 36 Time-kill curves of AmB complexes, Fungizone® and Ambisome®

Incubation was perform ed with AmB concentrations 16 x the MIC (2 pg/ml). The y- 

ordinate shows the change in CPU from time 0. Data are means ± SD {n=3).

The killing rate o f an antifungal is a useful tool in evaluating and com paring new 

drugs with existing drugs. Although rarely used as guidance in clinical therapeutics, it 

can help clinicians understand differences and changes in the antim icrobial 

susceptibility o f bacterial isolates and provide a theoretical basis for dosing frequency. 

As all three entries o f  com plexes were previously shown to retain antifungal 

activities, these were brought forward for further evaluation by the time-kill method. 

Included in this study were also the two com m ercial AmB fonnulations. Fungizone® 

and Ambisome®. It is apparent from Figure 35 that all samples tested produced near 

identical curves. After one hour, a drop in ~4 log in CPU was observed in all samples 

tested and this decrease in the num ber o f  survivors was sustained throughout the 24 h 

period. In contrast, there was a sharp increase o f  ~4 log in CPU in the control sample 

after one hour and this increase in the colony counts reached over 7 log in CPU after 

24h.

In a separate time-kill study, PGA o f  corresponding m olecular weights (55, 65 and 

110 kDa) was checked for antifungal activity. Figure 36 shows that sim ilar to the 

negative control, none o f the PGA samples caused any drop in the CPU. It was
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concluded that PGA did not have any effeet in the antifungal aetivity o f the 

eomplexes.
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Figure 37 Time-kill curves of PGA

Time-kill eurves o f  sodium salts o f  PGA (55, 65 and 110 kDa, hydrolysed PGANHS) 

against Candida albicans. Incubation was performed with eoncentrations (6 pg/ml). 

The y-ordinate shows the change in CPU from time 0. Data are m eans ± SD {n=3).

4.7.2. In vitro cytotoxic activity evaluation

4.7.2.1. Haemolytic activity’ o f  complexes

In order to translate the toxieity profile o f  eom plexes into the therapeutie arena they 

were evaluated against Fungizone®, a eom m ereial AmB produet whieh is known to 

cause some degree o f  haemolysis. The concentration range o f  AmB was chosen to 

eover the AmB M ICs against Candida albicans value and up to 100 pg/ml. 

Com plexes prepared from a range o f m oleeular weights (55 -  110 kDa) were initially 

tested against isolated hum an red blood cells for an incubation period o f  1 hour. The 

plot o f  concentration o f  AmB versus % red blood cell lysis (Figure 37) shows that 

haemolysis was coneentration-dependent with Fungizone® eausing about 15% RBC 

lysis at a 6 pg/ml AmB eoneentration, rising to 75% at 25 pg/ml and total RBC lysis 

at 50 pg/ml. All eom plexes fared much better in eomparison; % RBC lysis figures
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obtained were 0-2%, 0-10% , and 2-16%  at 6 |ig/m l, 25 pg/ml and 50 pg/ml AmB 

eoneentrations respectively. Overall, com plexes prepared using higher PGA 

m olecular weights perform ed better than lower PGA m olecular weights. The 

haemolytic activity trend observed from this investigation was: complex 55 kDa > 65 

kDa > 1 1 0  kDa.
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F ig u re  38 H aem o ly t ic  act iv ity  o f  A m B  com p lex es ,  A m b is o m e  a n d  F u n g iz o n e®  a f te r  1 h 

Haemolytic activities o f com plexes o f various m oleeular weights, AmB deoxycholate 

(Fungizone® ) and liposomal AmB (Am bisom e®). Haemolysis was determ ined at 

time t = 1 h expressed as % lysis at À = 580 nm. Data are means ± SD (ii =  3). A two 

way ANOVA, conducted to investigate differences, i f  any, due to haem olysis 1 h post 

incubation, showed a significant interaction between the formulation and haemolysis 

(p<0.0001) and significant differences am ong the formulations (p<0.0001). 

Bonferroni multiple com parisons tests showed that all AmB eom plexes were 

significantly different from Fungizone® (p<0.0001). Additionally, the AmB complex 

110 kDa showed significant differences from the AmB complex 65 kDa at 

concentration >50 pg/ml (p<0.01) and the com plex 55 kDa at concentration 12.5 

pg/ml (p<0.01).

The next investigation looked at the haemolytic effect o f  com plexes over a longer 

duration. After 24 hours o f  incubation, the % RBC lysis was determined. The results 

displayed show sim ilar trends to those observed in the 1 hour study (Figure 38). 

However, at the equivalent AmB concentrations, all entries (eomplexes and 

Fungizone® included) in the 24 hour study caused higher percentage RBC lysis than
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in the 1 hour study. These observations were not surprising as AmB was expected to 

be slowly released from the polymeric carrier and subsequently interact with RBCs. 

However, at 50 pg/ml AmB concentration where Fungizone® caused >80% RBC 

lysis, all com plexes only caused < 20%.
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F ig u re  39 H aem o ly t ic  act iv ity  o f  A m B  com p lex es ,  A m b iso m e  a n d  F u n g iz o n e®  a f te r  24 h

Haemolytic activities o f com plexes o f  various PGA m olecular weights, AmB 

deoxycholate (Fungizone® ) and liposomal AmB (Am bisom e®). Haem olysis was 

determ ined at time t = 24 h expressed as % lysis at X = 580 nm. Data are m eans ± SD 

(n = 3). A two way ANOVA, conducted to investigate differences, if  any, due to 

haemolysis 24 h post incubation, showed a significant interaction between the 

formulation and haemolysis (p<0.0001) and significant differences am ong the 

formulations (p<0.0001). Bonferroni multiple com parisons tests showed that all AmB 

eom plexes were significantly different from Fungizone® (p<0.0001). Additionally, 

the AmB com plex 110 kDa showed significant differences from the AmB complex 65 

kDa at concentration >50 pg/ml (p<0.01) and the com plex 55 kDa at concentration 

12.5 pg/ml (p<0.01).

In order to gauge the haemolytic activity profile o f the com plexes, in the study they 

were tested against both Fungizone® and the liposomal AmB fom iulation, 

Am bisom e®. It was clear that whilst the com plexes were superior to Fungizone®, 

they were more haemolytic than Ambisome®. In fact, over 24 hours, Am bisom e® 

was virtually non-haem olytic up to an AmB concentration o f  100 pg/ml. This result
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may indicate that the AmB release from the liposomes was much slower eom pared 

with that for complexes. As a rough guide, in a spectrum where Fungizone® and 

Am bisom e® represent the opposite ends o f  the seale, the com plexes fall som ewhere 

between the two com parators and much closer to Ambisome®.

PGA was also checked for its haemolytic activity. Figure 39 confirmed that PGA (55 

kDa) had no activity against cholesterol and henee did not produce any red blood cell 

lysis as suspeeted. It eould therefore be considered an inert excipient within the 

eomplex in regard to haemolytic activity.
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Figure 40 H aem olytic activity o f  PG A (55 kDa)

RBC was incubated with sodium salt o f  PGA (hydrolysed PGANHS 55 kDa) at 

concentrations up to 100 pg/ml.

4.7.2.2. Lactate dehydrogenase release (LDH) assays

Figure 40 shows the release o f  LDH from J774A.1 m acrophages over a 24 h 

incubation tim e when exposed to eom plexes. Fungizone® and A m bisom e®  at AmB 

eoneentrations up to 100 pg/ml. LDH release was direetly proportional to AmB 

concentration. AmB solution (in DM SO) had the highest activity here, causing over 

40% o f LDH release at 6.25 pg/ml, followed by Fungizone® (25% ), eom plex (2%) 

and 0% for Ambisome®. However, at concentrations o f 50 pg/m l, free AmB and
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Fungizone® caused the most LDH release (62% and 58% respectively), followed by 

Am bisom e®  (20%) and the com plex (8%). This pattern was repeated for 

eoneentrations above and up to 100 pg/ml.
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F igure 41 LDH  release caused  by A m B  com p lexes and com m ercia l A m B  form u lation s

Release o f  LDH as a function o f mem brane dam age in m acrophage J774.A 1. Data are 

means ± SD = 3). C 55 kDa = Am B/PGA complex. A two way ANOVA, 

conducted to investigate differences, if  any, due to LDH release, considered the 

interaction between the formulation and LDH release not significant (p=0.1237) but 

showed significant differences am ong the formulations (p<0.0001). Bonferroni 

multiple com parisons tests showed that the AmB com plex 55 kDa and Am bisom e® 

were not significantly different from each other (p>0.05) but were both significantly 

different from AmB (p=0.01). Additionally, the AmB com plex 55 kDa and 

A m bisom e®  were not significantly different from Fungizone® (p>0.05) except at 

concentration 50 and 100 pg/ml where p<0.01.
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4.7.2.3 MTT assays

The incidence o f  nephrotoxicity during AmB therapy is frequent and is known to limit 

its clinical use (Capasso et al. 1986). The cytotoxicity towards human kidney cells o f  

the com plexes was assessed and com pared with Am B-deoxycholate (Fungizone® ) by 

MTT assay. As shown in Figure 41, cell viability was Am B-concentration dependent. 

After a 48 h incubation, Fungizone® lowered cell viability by 20% whilst com plexes 

reduced cell viability by <5% at 50 pg/m l o f  AmB.
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F igure 42 C ytotox icity  o f  Am B com p lexes and F ungizone®  in HK  273 cell line.

C ytotoxicity was evaluated by M TT assays. Data are means ± SD (n = 3). C 55 kDa = 

AmB/PGA 55 kDa complex, C 65 kDa = Am B/PGA 65 kDa com plex and C 110 kDa 

= Am B/PGA 110 kDa complex. A two w ay ANOVA, conducted to investigate 

differences, if  any, due to cell viability, showed a significant interaction between the 

formulation and the concentration (p=0.0026) and no significant differences am ong 

the formulations (p=0.1428). Bonferroni post tests showed that all the formulations 

were not significantly different from one another (p>0.05), except for Fungizone®  at 

concentration 200 pg/ml (p>0.05).

The incidence o f nephrotoxicity during AmB therapy is frequent and is known to limit 

its clinical use (Capasso et al. 1986). The cytotoxicity towards human kidney cells o f  

the com plexes was assessed and com pared with Am B-deoxycholate (Fungizone® ) by 

M TT assay. As shown in Figure 41, cell viability was Am B-concentration dependent.
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After a 48 h incubation, Fungizone® lowered cell viability by 20% whilst complexes 

reduced cell viability by <5% at 50 pg/ml of AmB. The disparity between the 

complexes and Fungizone® was even more significant at AmB concentration of 200 

pg/ml where all complexes caused up to 20% cell death whist Fungizone® registered 

a figure of 40%. On the whole, the difference in cytotoxicity between complexes of 

different molecular weights was inconclusive as it did not follow a consistent pattern 

in this study.

4.7.3. Modulation of pro- and anti-inflammatory cytokines

The aim of the experiments was to determine whether or not the AmB complexes 

could stimulate the pro-inflammatory cytokines by human peripheral blood 

mononuclear cells. In addition, the ability of AmB complexes to induce the anti

inflammatory cytokine was also investigated. The balance between pro- and anti- 

iflammatory cytokines modulated by the AmB complexes once established could help 

predict their propensity to cause infusion-related side effects. Isolated PMBC were 

incubated with various AmB formulations for 24 h at 37®C and the supernatants were 

collected and immunoassayed for the determination of cytokines.

The study of the modulation of cytokines due to the AmB formulations showed that 

for the TNF-a, the presence of AmB formulations and Ambisome® did not increase 

the production of this pro-inflammatory cytokine. In contrast. Fungizone® did up- 

regulate TNF-a more than two-fold at concentrations of 2 pg/ml AmB equivalents 

(Figure 42). For the IL-1|3, a similar trend is observed here where only Fungizone® 

managed to increase IL-lp by 2-fold at 2 pg/ml of AmB equivalents (Figure 43). 

Although the results for IL-lra appear to be too erratic to glean a trend (Figure 44), it 

is reasonable to deduce that all four formulations had a similar impact upon IL-lra 

regulation.
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Figure 43 T N F -alpha release as a function  o f Am B form u lation s

Pro-inflam m atory cytokine TN F-a produced by PBM C in the presence o f various 

AmB formulations. Data are means (n^3). C a50-70 kDa = Am B/PAGA 50-70 kDa 

complex and C 55 kDa = AmB/PGA 55 kDa complex. A two way ANOVA, 

conducted to investigate differences, if any, due to T N F-a concentration, showed a 

significant interaction between the formulation and the concentration (p<0.0001) and 

significant differences am ong the formulations (p=0.0002). Bonferroni multiple 

com parisons tests showed that all the formulations were not significantly different 

from one another (p>0.05), except for Fungizone®  whieh showed significant 

differences from the other fom iulations at an AmB concentration o f  2 pg/ml

(p<0.0001).
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Figure 44 IL -lb e ta  release as a function o f  Am B form ulations

Pro-inflam m atory cytokine IL -1(3 produced PBMC in the presence o f various AmB 

formulations. Data are means (n=3). C a50-70 kDa = AmB/PAGA 50-70 kDa 

complex and C 55 kDa = AmB/PGA 55 kDa complex. A two way ANOVA, 

conducted to investigate differences, if any, due to IL -lb  concentration, showed a 

significant interaction between the fom iulation and the concentration (p<0.0001) and 

significant differences am ong the fom iulations (p=0.0004). Bonferroni multiple 

com parisons tests showed that all the formulations were not significantly different 

from one another (p>0.05), except for Fungizone®  which showed significant 

differences from the other formulations at an AmB eoneentration o f  2 pg/ml

(p<0.0001).
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F igure 45 IL -lr a  release as a function  o f  Am B form ulations

Anti-flam m atory cytokine IL -lra  produced PBMC in the presence o f  various AmB 

formulations. Data are means (n=3). C a50-70 kDa = Am B/PAGA 50-70 kDa 

complex and C 55 kDa = AmB/PGA 55 kDa complex. A two way ANOVA, 

conducted to investigate differences, if any, due to IL -lra  concentration, considered 

the interaction between the formulation and the concentration not quite significant 

(p=0.0843) but showed significant differences am ong the fom iulations (p=0.0037). 

Bonferroni multiple com parisons tests showed that all the form ulations were not 

significantly different from one another (p>0.05).

O f the four formulations tested Fungizone® caused the greatest pro-inflam m atory 

cytokines release {TNF-a and IL-lp) but only at a concentration o f  >2 pg/ml o f 

amphotericin B equivalent whilst the com plex AmB/PGA 55 kDa was com parable 

and the com plex Am B/PAG A 50-70 kDa m arginally less. That the Am B/PAGA 

complex produced less pro-inflam m atory cytokines than the Am B/PGA com plex had 

been expected as the fom ier polym er is known to be slightly m ore im m unogenic than 

the latter. W ith regard to the anti-flam m atory IL-lra, the results do not indicate an 

influence o f these formulations upon its modulation.
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4.7.4. Cellular uptake o f complex in macrophage J774.A1

Although AmB is a drug of choice for many systemic infections as well as visceral 

and mucocutaneous leishmaniasis, its use has been hampered by dose-dependent 

toxicity (Walsh et al. 2000). This is because the intracellular localisation of the 

pathogens requires high doses of AmB for effective eradication of the pathogens with 

the resulting inevitable side-effects. The ideal strategy would be to selectively deliver 

the drug to the macrophages in order to minimise non-target drug interaction. 

Liposomes are known to interact efficiently with macrophages and thus have an 

affinity towards macrophages. Macrophage-targeted delivery therefore often utilises 

the liposomal approach (Vyas et al. 2000). This affinity of liposomes towards 

macrophages has been cited as the reason for a higher maximum tolerated dose that 

can be given in experimented models. Studies in mice showed that maximum 

tolerated AmB dose is low in mice (LD50 = 1.2 mg/kg) but is as high as 12 mg/kg for 

the liposomal AmB (Lopez-Berestein et al. 1983).

The following study set out to investigate the uptake patterns of AmB complexes by 

macrophages in vitro. Although these polymeric complexes were not primarily 

designed for macrophage-targeted delivery, the incorporation of poly-glutamic acid 

could affect the uptake of AmB by macrophages.

The study of AmB uptake into macrophage was performed at an AmB concentration 

equivalent of 5 pg/ml. This concentration was deliberately chosen to ensure minimal 

cell membrane damage by the presence of AmB. The uptake of the AmB complexes 

appeared to be more rapid over the first 5 hours followed by a more gradual uptake 

thereafter. After 24 hours, the accumulation of AmB from both complexes was twiee 

as much as that for the free drug. As much as 12% of AmB from the complexes was 

found intracellularly compared with just 6% from the free drug, representing a two

fold increase. These results demonstrate that complexation of AmB either with PGA 

or PAGA results in an enhanced uptake by macrophage.
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Figure 46 U ptake o f  Am B com plexes by m acrophage.

Uptake o f  AmB by macrophage J774A.1 over 24 h. Data are means (n=3). 

Abbreviations: AmB = free drug, C 55 kDa = Am B/PGA eomplex (-5 5  kDa), C 50- 

70 kDa = AmB/PAGA eomplex (50-70 kDa). A two way ANOVA, conducted to 

investigate differences, if any, due to AmB uptake, considered the interaction between 

the formulations and the time significant (p<O.OOOI) and showed significant 

differences am ong the formulations (p<O.OOOI). Bonferroni m ultiple com parisons 

tests showed that the formulation PGA 55 kDa and PAGA 50-70 kDa were not 

significantly different from each other but both showed significant differences from 

AmB at time = 8 h (p<O.OOI ).

4.7.5. In vitro release of AmB from complexes

This experim ent was set out to investigate the release o f  AmB from com plexes in PBS 

(pH 7.4). Although the experim ent initially purported to include Am B/PGA 55 Da, 

AmB/PGA 110 Da and Fungizone®, unfortunately accidents and tim e constraint 

prevented a repeat o f  this study. Only the results o f  AmB/PGA 55 Da were salvaged. 

Despite a lack o f results for eom parison purposes between AmB form ulations, the 

results included here gives a snap shot o f  AmB release pattern in vitro as well as its 

stability in PBS.
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Release profile of AmB from AmB complex (PGA 55 kDa) over 72 hours. Data are 

means {n = 3).

The results indicate a sustained and slow release of AmB from the complex over the 

72 h. This observation revealed the high stability of the complex in PBS. Although 

this study was performed without the presence of blood components (which could 

influence the release profile of AmB from the complex), it however showed that the 

AmB/PGA complex could potentially release AmB over a sustained period in vivo.

4.7.6. In vivo evaluation of AmB complexes

In the evaluation of the complexes’ in vivo efficacy, mice infected with C. albicans 

were chosen as the animal model in which the antifungal activity of the AmB/PGA 

complexes (-55 kDa and -110 kDa), AmB/PAGA complex (50-70 kDa) and 

Fungizone® were directly compared. Also included were the respective polymers. 

The fungal burden in the three major organs liver, kidney and spleen was monitored 

post 7 and 14 days, the value of which was inversely proportional to the efficacy of 

the formulation.
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F igure 48 A n tifu ngal efficacies o f com plexes 7 d ays post infection

Fungal burden in vital organs 7 days post infection (No animals were available in 

control group for sacrifice on day 7). Abbreviations: PGA G high = Am B/PGA 

complex (-1 1 0  kDa), PGA G low = Am B/PGA complex (-55  kDa), PGA A = 

Am B/PAGA complex (50-70 kDa), free AmB = Fungizone®.

Seven days after infection, the fungal burdens in all three organs were substantially 

reduced in mice given the AmB com plex formulations and Fungizone®. The order 

o f formulation efficacy was AmB/PGA com plex (-1 1 0  kDa) >Am B/PA GA com plex 

(50-70 kDa) >AmB/PGA com plex (-5 5  kDa) > Fungizone®. However, the most 

efficacious formulation by far was the Am B/PG A com plex (-1 1 0  kDa) which 

consistently out-perform ed all other formulations, followed closely by the 

Am B/PAGA complex (50-70 kDa). The Am B/PG A com plex (-5 5  kDa) although was 

significantly less active still dem onstrated greater antifungal activity than 

Fungizone®. This pattern persists in all o f  the three organs studied. No animal 

survived after seven days in the group which did not receive any treatm ent (control
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group). It is interesting to note that animals that received the polym er treatment (either 

PGA or PAGA) fared better than those in the control group.

Control 
I 1  Sham PGA alpha 

Sham PGA Gamma 
Free drug 
PGA Alpha 
PGA G Low  
PGA G High

Liver Kidney Spleen

F igure 49 A n tifu ngal efficacies o f  com plex 14 days post infection

Fungal burden in vital organs 14 days post infection (No animals were available in 

control and sham group for sacrifice on day 14). Abbreviations: PGA G high = 

Am B/PGA com plex (-1 1 0  kDa), PGA G low = Am B/PGA com plex (-5 5  kDa), PGA 

A = Am B/PAG A com plex (50-70 kDa), free AmB = Fungizone®.

Fourteen days after the infection, only animals which received the AmB formulations 

survived. The AmB/PGA complex (-1 1 0  kDa) still remained the most efficacious 

formulation followed the Am B/PAGA com plex (50-70 kDa) which alm ost m atched it. 

W hilst significantly less active than the aforem entioned, the Am B/PGA com plex (-5 5  

kDa) still out-perform ed Fungizone®. This pattern was observed in all o f  the three 

organs studied and was consistent with the results obtained 7 days post infection. 

After 14 days, animals in the control group and those that received the polym er 

treatment did not survive. These observations suggest that the polym ers (PGA and
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PAGA) had weak antifungal activity against C .albicans in vivo. There is also a strong 

correlation between the aetivity and the polym er’s m oleeular weight o f the AmB/PGA 

complex. The aetivity o f  the Am B/PGA eom plex (-1 1 0  kDa) was significantly higher 

in com parison to the AmB/PGA com plex (-5 5  kDa), which suggests that the higher 

the polym er m olecular weight, the higher the com plex’s aetivity. This correlation was 

observed in both 7 and 14 days post infection.
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F igure 50 Su rvival 30 days post infection

Percent survival 30 days after infection with C .albicans in mice with or without AmB 

treatment. Abbreviations: PGA G high = Am B/PGA eom plex (-1 1 0  kDa), PGA G 

low = Am B/PGA complex (-5 5  kDa), PGA A = Am B/PAGA eom plex (50-70 kDa), 

free AmB = Fungizone®

Thirty days post infection, the animal group that received the AmB/PGA complex 

(-110  kDa) treatment had the highest survival rate (80%). The animal groups that 

received the AmB/PAGA eom plex (50-70 kDa) and the AmB/PGA eomplex (-5 5
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kDa) had a survival rate of 60% and 50% respectively. These figures compared 

extremely well against the animal group that was given the Fungizone® treatment 

which did not survive past 15 days.
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4.8. DISCUSSION

Despite being one of the oldest existing antifungal agents, AmB has remained one of 

the most effective drugs for the treatment of systemic fungal infections in patients 

with AIDS, cancer and suppressed immunity. AmB therapy based on the conventional 

formulation Fungizone® however is limited by severe side-effects such as fever, 

chills, headaches and nausea and delayed onset nephrotoxicity. Patients who receive 

long term conventional AmB therapy are reported to develop renal impairment 

(Gallis, Drew, & Pickard 1990) and these figures have been reported to be from 49% 

up to 65% (Deray 2002). Furthermore, as AmB has an affinity for biological 

membranes and lipoproteins, it has a tendency to accumulate in tissues and especially 

in the liver leading to hepatotoxicity (Inselmann et al. 1997). Newer formulations of 

AmB such as the lipid preparations Ambisome®, Amphocil® and Albecet® have 

addressed the toxicity issues of AmB to some degree and have widened its therapeutic 

index so that a much higher dose of AmB can be given in cases of severe systemic 

infections. Ambisome®, for example can be given up to 3-5 mg/kg daily with lower 

incidences of nephrotoxicity as compared with Fungizone® which is only licensed for 

1 mg/kg daily. Although the incidence of nephrotoxicity of lipid formulations is lower 

(14.6%) compared with the conventional AmB (33.2%), they are nonetheless still 

considered to be nephrotoxic (Girois et al. 2006) and they are also considered to be 

less efficacious compared with conventional AmB, requiring higher doses (Zarif et al. 

2000). In addition, the costs of these lipid-based formulations really limit their 

usefulness to a select few in the developed countries and thus the quest for an 

improved and less toxic AmB formulation at a lower cost is still very much on the 

pharmaceutical industry agenda.

The two parameters which have been used for a number of years to study potential 

AmB toxicity towards eukaryotic cells in vitro are the lytic activity towards red blood 

cells and the capacity to cause leakage of cytosolic enzyme lactate dehydrogenase 

fi’om macrophages (Larabi et al. 2004), (Hsuchen & Feingold 1973). The complexes 

prepared from different PGA molecular weights have been shown to be less 

haemolytic (<20 %) compared to Fungizone® (100%) at AmB concentration of 50 

pg/ml. The total red blood cell lysis percentage would only increase to up to 30% at

173



AmB concentrations of 100 fxg/ml for all complexes. In comparison with 

Fungizone®, the marked reduction of haemolytic activity of complexes represents 

about 4-5 fold at an AmB concentration of 50 pg/ml. Optimisation studies showed 

that PGA when assayed alone did not prove to be haemolytic towards red blood cells 

nor masked AmB activity when simply mixed with Fungizone®. Complexes made 

from the form of PGA did not fare very well either and were found to be just as 

haemolytic against red blood cells as Fungizone®. These results together point 

towards complexes made from the NHS ester of PGA as the best complexes as these 

were the ones which had the least haemolytic activity against red blood cells. The fact 

that Fungizone® is highly haemolytic is not a surprise given that it is formulated with 

sodium deoxycholate, an anionic surfactant known to interact with red blood cells 

causing substantial red blood cell lysis (Biesendorfer, Felix, & Wildenauer 1981). 

Since PGA is the only excipient in the complex construct and has been shown to have 

no haemolytic activity towards red blood cells, it could be argued that the lower 

haemolytic activity of the complexes could be due to reduced interactions of AmB 

complexes with cholesterol possibly as a result of tseric hindrance by the polymer.

Ambisome® had little effect against red blood cells even at 50 pg/ml and 100 pg/ml. 

This is in agreement with the proven reduced toxicity observed in the clinic. It is 

possible that AmB release from the liposomes is slow and gradual so that the effective 

AmB concentration is much lower when compared with Fungizone®. The other 

important observation was that the molecular weight of PGA did have an impact upon 

the complexes’ activity against red blood cells. Overall, the PGA of higher molecular 

weights appeared to be less haemolytic (100 kDa < 65 kDa <55 kDa; 1.46 ± 1.12 %, 

7.17 ± 1.17 % and 17.17 ± 1.21% respectively) over a 1 hour assay.

It has been postulated that cellular membrane leakage due to the formation of pores by 

the association of AmB with cholesterol is a contributory factor to AmB’s 

nephrotoxic action (Deray 2002). The potential cell membrane activities of the 

complexes were assessed by the LDH assay. Included in these assays were other 

formulations of AmB: Fungizone®, Ambisome® and AmB (solubilised in DMSO). 

As shown in Figure 40, the complex’s activity was concentration-dependent. The 

complex caused negligible membrane leakage at 6.25 pg/ml (2.05% ± 0.79) and a
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maximum at 100 |ig/ml (28.84% ± 14.01). These results showed that the complex had 

significantly reduced activity towards cell membranes when compared with free AmB 

(45.50% ± 13.62 and 84.46% ± 1.40), Fungizone® (24.41% ± 3.39 and 78.70% ± 

23.59) and slightly lower than Ambisome® (2.94% ± 2.91 and 45.56% ± 4.65) at the 

same respective concentrations. In a separate study, PGA was evaluated for its 

activity towards cell membrane and consequently no LDH release was recorded for 

any PGA sample (result not shown). A number of studies in the literature cited that 

AmB is toxic towards renal cells at concentrations in the region of 5 to 20 pg/ml 

(Bartlett et al. 2004); (Gaboriau et al. 1997a). The results obtained from our 

investigations for free AmB are also consistent with those cited by the aforementioned 

authors where AmB caused approximately 50% LDH release at these concentrations. 

Fungizone® though faring better than free AmB still caused up to 30% LDH release 

at these concentrations. Although the complex (AmB/PGA 55 kDa) had more cell 

membrane activity than Ambisome® (10% versus 5% LDH release respectively), 

interestingly at concentrations 50 pg/ml and above, the complex caused less 

membrane leakage than Ambisome®.

In clinical use, AmB is usually given at 0.4 to 0.7 mg/kg of body weight per day 

which translates to a plasma concentration of 0.5 to 2 pg/ml (Gallis, Drew, & Pickard 

1990) and AmB has been found to be nephrotoxic when the plasma concentration 

approached 4 pg/ml (Gates & Pinney 1993). Our own findings indicated that at a 

similar AmB concentration (6.25 pg/ml), our complex and Ambisome® caused 

negligible LDH release (roughly 2%) whilst Fungizone® 20% and free AmB 50%. 

Taking all these together, our complex can be considered to be less toxic towards cell 

membranes, in the same way as Ambisome®.

The lower haemolytic activity as well as reduced cell membrane disruption of the 

complexes may be a result of AmB’s interaction(s) with PGA. As demonstrated in the 

TLC analyses, it was shown that only the most polar solvent could dissociate AmB 

from the polymer matrix. It is possible that these strong interactions hinder AmB’s 

affinity for cholesterol in the red blood cells and for cell membrane leading to 

attenuation in red blood cell lysis and LDH release. On the other hand, it is postulated
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here that since the interactions between AmB and sodium deoxycholate are weaker, 

AmB could therefore interact freely with cholesterol and cell membranes.

AmB in free form has a high affinity for low-density lipoproteins (LDL) and there are 

many LDL receptors found in the kidneys that mediate the cellular uptake of AmB 

(Wasan et al. 1994). Thus, it is believed that this specific interaction between AmB 

and the renal LDL receptors is a major contributor to the dose-limiting nephrotoxicity 

of AmB. To assess the nephrotoxic activity of the complexes, cell viabilities of human 

kidney cells HK 293 were evaluated by the MTT assay. Cells were treated with 

various formulations including complexes of different PGA molecular weights (55, 65 

and 110 kDa) and Fungizone®. As shown in Figure 41, Fungizone® had the most 

effect on cell viability, causing a reduction of roughly 40% after 48 h of incubation at 

a maximum concentration of 100 pg/ml. In contrast, at the same AmB concentration, 

all three complexes lowered cell viability by 16%, 10% and 8% corresponding to 

complexes of PGA molecular weights of 110, 65 and 55 kDa respectively. The high 

cytotoxicity of Fungizone® against human kidney cells may be due to weaker forces 

of association between AmB and the anionic surfactant deoxycholate, giving rise to 

the faster release rates of AmB and subsequent higher net extracellular AmB 

concentration. Since the kinetic release study of the complex AmB/PGA 55 kDa 

demonstrated a slow release kinetics of AmB (Figure 46) over 48 h, it follows that 

AmB released from the complexes did not yield the equivalent extracellular AmB 

content compared with Fungizone®. Elsewhere, other authors attributed the low 

toxicity of their liposomal AmB formulations (and Ambisome®) to the strong 

interactions between AmB and lipids and hence slower drug release as the reason 

(Jung et al. 2009). Overall, the results from the MTT assays have provided data that 

suggest the complexes are less cytotoxic compared with Fungizone® towards human 

kidney cells and support the results jftom the previous LDH studies.

Formulation processes sometimes can affect the performance of a drug compound. A 

number of factors can result in reduced activity of a drug compound both in vitro and 

in vivo. For instance, exposure of a pH sensitive drug compound to acidic or alkaline 

medium could lead to irreversible instability; freezing/thawing and shear force can 

affect the conformation of proteins and peptides; drug conjugates requiring activation
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for drug release may become inactive due to ineffective release mechanisms. It is 

important therefore to evaluate a drug compound after the formulation processes to 

ensure that the drug compound’s activity is retained.

In vitro susceptibility testing of anti fungal agents is important for both newly 

introduced and re-formulated antifungals because it gives a meaningful indicator of 

the drug’s anti fungal activity against certain fungus. Susceptibility testing data are 

usually expressed as MIC and MFC values. MIC is the minimum inhibitory 

concentration of an antifungal agent that inhibits the growth of a fungus whilst MFC 

value stands for minimum fungicidal concentration and represents the concentration at 

which a fungus is killed under standardised test conditions. These two parameters 

represent the differences between in vitro fungistatic (MIC) and fungicidal (MFC) 

endpoints.

The data obtained from the susceptibility testing indicates that the process of 

complexation did not affect the antifungal activity of the complexes. The complexes 

were found to be active against both strains of Candida: albicans ACTC 14053 and 

tropicalis ACTC 750. The growth of both strains was inhibited at concentrations of 

0.06 pg/ml after 24 h and this was consistent for all complexes and AmB formulations 

(allowing for the 1-fold dilution discrepancy). The performance of all three complex 

samples of different polymer molecular weight was near identical. This suggests that 

the molecular weight of PGA does not influence the MIC value of the complex. The 

MFC values of the complexes were also comparable to those for Fungizone® and 

Ambisome® (0.5 -  1 pg/ml).

To clarify the activity of the PGA against the fungi tested, it was checked for its stand 

alone antifungal activity in a separate study. The data confirms they have no 

antifungal activity and that their inclusion in the complexes did not affect the AmB’s 

activity towards the two strains of Candida. Thus PGA can be considered an inert 

excipient in the complexation formulation in this respect.

The antifungal activities of the complexes were further evaluated by the time-kill 

studies. More than the MICs and MFCs, these provide a quantitative assessment of
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the antifungal activity of a drug over time and thus are considered to be more 

clinically relevant (Liao & Michael Dunne 2003). Although these determinations do 

not serve as a guide in chemotherapy, they nevertheless provide a means to evaluate 

and compare new drugs.

In the presence of the complexes at concentrations of 2 pg/ml (16 x MIC), the CPU 

per millilitre rapidly decreased. Between 0 and 2 h the reduction was more than 4 log 

units. This suppression was maintained throughout the 24 hour study which 

demonstrated that the activity was fungicidal rather than fungistatic. As shown in 

Figure 36, the curves for all the complexes. Fungizone® and Ambisome® were 

similar which suggest that all these AmB formulations to have the same efficacy 

against these two strains of Candida. The concentration of AmB used for the time-kill 

studies was deliberately chosen to be 2 pg/ml; this is relevant because plasma AmB 

deoxycholate concentrations above 2 pg/ml have been reported to be associated with 

toxic side effects and eventual drug discontinuation. It had previously been thought 

that drug release from the liposomes for the lipid formulation (Ambisome®) would 

delay the activity of AmB and this proved not to be the case; nor was the slowdrug 

release from the polymeric complexes a problem. As seen from the plot, the activity 

was rapid and plateaued out after 2 hours for all the formulations tested. Although 

these tests did not include serum in the media and it is known that the presence of 

serum could reduce AmB antifungal activity by about 2 orders of magnitude (Canton 

et al. 2004), this was not deemed to be an important issue since the complexes were 

compared directly against two clinically used formulations (Fungizone® and 

Ambisome®) and were found to have almost identical activity profiles.

The mononuclear phagocyte system consists of the bone marrow monoblasts, 

promonoblasts, peripheral monocytes and tissue macrophages (Auger M.J & Ross 

1992). The macrophages themselves are derived from the monoblasts and have a 

crucial role in the host defence against bacteria, viruses, parasites and protozoa. 

Importantly, they are found in many organs of the body including the brain, lungs, 

liver, spleen, lymph nodes, thymus, gut, marrow and connective tissues (Vemon- 

Robert 1972). Following a pathogenic invasion, a host of substances are produced by 

the pathogens including endotoxins, complement components and immune
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complexes. The macrophages are attracted by these signalling substances and they 

migrate to phagocytose and eliminate the pathogens. Despite the host reliance upon 

the macrophages for primary defence against pathogens, many bacterial diseases 

originating from facultative or obligate intracellular parasites often use them as 

reservoirs (Donowitz 1994). Some stimuli and drugs can modulate and enhance the 

biological activities of macrophages. Such functions are called ‘macrophage 

activation’ and scientists have been attempting to exploit these properties. However, 

delivering drugs to the macrophages is tremendously difficult due to the 

macrophages’ phagocytic ability and ability to kill pathogens. It was found that 

following an intravenous administration of a drug, only a small fraction reaches the 

macrophages. As such, macrophage drug delivery represents an attractive pathway for 

diseases in which the pathogens use the macrophages as reservoirs. Novel drug 

carriers such as liposomes, microspheres based on polymers and lipids are reported to 

have some macrophage delivery capacity (Ahsan et al. 2002).

Since AmB is a drug of choice for the treatment of systemic fungal infections and 

leishmaniasis which usually involve macrophage-rich organs such as the liver, spleen 

and lungs where pathogens are intracellularly localised, this calls for the 

administration of relatively high doses of AmB for the effective killing of the 

pathogens, thereby causing the side effects. As with many lysosomal storage diseases, 

it follows that a rational approach would be to target the macrophage so that the 

therapeutic index of a drug could be enhanced (Gordon & Rabinowitz 2007). 

Although macrophage targeting was not in the design of the complexes, since the 

disease aetiology dictates the involvement of macrophage, information on the uptake 

kinetics by macrophage would be valuable.

In a series of experiments, the uptake kinetics of two complexes (PGA -55 kDa and 

PAGA 50-70 kDa) in J774.A1 macrophages were compared with free AmB. The 

uptake kinetics of the three samples tested all followed a one phase exponential 

pattern with a rapid uptake between 0 -5 h, followed by a slower uptake and reaching 

near saturation after 24 h, representing approximately a total 5% uptake of AmB for 

the free AmB and 12% for both types of the complexes. The difference in uptake of
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AmB into macrophage over 24 h was 2-fold in favour of the AmB complexes versus 

free AmB whilst the difference between the two types of the complexes was marginal.

It has been reported that liposomal AmB causes lower toxicity because its uptake by 

macrophage is enhanced (Janknegt et al. 1992). Although not intended by design, 

complexes demonstrated an enhanced macrophage uptake compared to free AmB. 

Thus, they potentially can be used for enhanced loading of RES organs with AmB for 

the eradication of the intracellular pathogens whilst minimising the free drug/non

target tissues interaction and hence reduced toxicity. This increased uptake into 

macrophage was undoubtedly due to the small size of the complex (100 nm, DLS 

values) which facilitated entry into cell. The other mechanism by which PGA assists 

cell entry is possibly by recognition of y-glutamyl transpeptidase in the cell membrane 

(Peng et al. 2011). Other authors attribute the influenee of surface charge on the 

uptake by maerophage. Negatively charged liposomes are taken up more effectively 

than neutral counterparts (Heath, Lopez, & Papahadjopoulos 1985) and the inclusion 

of negatively charged phospholipids greatly enhances their binding to and 

phagocytosis by the macrophages (Fidler 1988). Smaller liposomes are also reported 

to have a greater macrophage uptake compared with larger liposomes because they 

presumably are internalised more efficiently (Allen et al. 1991). Since the complexes 

were demonstrated previously to have both of these attributes - negatively charged (- 

50 mV) and small (100 nm, DLS values) - it was therefore not surprising to observe 

that the complexes showed greater uptake by the macrophages compared to the native 

drug.

It is well known that Amphotericin B exerts its antifungal activity principally via the 

binding of ergosterol in the ftingal cell membrane. Amphotericin B however also acts 

indirectly by increasing the fungicidal properties of macrophages. It is often cited that 

it is the latter mechanism by which amphotericin B when given parenterally causes 

side effects such as fever and chills (Walsh et al. 1999). These symptoms are thought 

to be associated with up-regulation of pro-inflammatory cytokines such as TNF-a and 

IL-lp (Tokuda et al. 1993). Beside the pro-flammatory cytokines, there are anti

inflammatory cytokines such as IL-lra that provide a counteracting mechanism. The 

ability of AmB to bring about an imbalance in favour of the pro-inflammatory
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cytokines has been implicated as the cause for the aforementioned side-effects (Vonk 

et al. 1998). In a series of experiments, different AmB formulations were evaluated 

for their cytokine regulation in human peripheral blood mononuclear cells (PBMC).

As shown in Figures 42, 43 & 44, of the four AmB formulations tested only 

Fungizone® caused an up-regulation of the pro-inflammatory cytokines TNF-a and 

IL-lp by +1.20 and +1.2 0 fold respectively at a maximum AmB concentration of 2 

pg/ml. In contrast, the AmB/PAGA complex (50-70 kDa) caused a down-regulation 

of -0.43 and -0.28 fold whilst the other AmB/PGA complex (~55 kDa) -0.29 and 

+0.28 fold corresponding to TNF-a and IL-lp respectively at the same AmB 

concentration. Overall, it can be concluded that on the whole Fungizone® had a 

positive impact upon the regulation of cytokines TNF-a and IL-lp, the two 

complexes had little impact or slightly negative whilst Ambisome® little or no 

impact. Reports from other investigators indicate that PGA is either relatively non- 

immunogenic (Prodhomme et al. 2003) or slightly immunogenic (Kim et al. 2007) 

compared with PAGA and thus could cause a positive impact upon the up-regulation 

of cytokines. The inclusion of the AmB/PAGA complex was to test this theory and 

the results indicated that the two AmB/PGA and AmB/PAGA complexes had similar 

impact upon TNF-a and IL-lp regulations and were not significantly different from 

each other at the specified AmB concentrations (up to 2 pg/ml). For the anti

inflammatory cytokine IL-lra, all formulations tested showed little or no influence 

over its modulation and were all similar in activity.

This phenomenon could be due to the zeta potential of the AmB species; that the 

complexes are negatively charged (-50 mV) and are thus repelled by the blood 

components which are known to be also negatively charged. Another possible 

explanation for these observations is way in which AmB is formulated. Whilst AmB 

is encapsulated within the liposome in the Ambisome® preparation (Bekersky et al.

2001) and is associated strongly within PGA matrix in the complex (as shown in 

Section 4.5), the AmB is comparatively more weakly bound with the surfactant 

deoxycholate in the micellar system of Fungizone® (Harbarth et al. 2002). The more 

readily dissociated AmB from deoxycholate micelles could have greater exposure to 

PBMC and therefore giving rise to the stimulation of the pro-inflammatory cytokines.
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However, this is speculative and the dissociation constants of these AmB formulations 

still remain to be elucidated. Nevertheless, as shown in the kinetic release studies, the 

release rate of AmB from Fungizone® is significantly higher compared with the 

complexes.

These findings demonstrated that Fungizone® produced a shift in favour of the pro- 

inflammatory cytokines. This may explain the side effects such as fever and chills 

often associated with Fungizone® in clinical settings. Ambisome® as shown had little 

impact on the cytokine balance and therefore is expected to not to cause these side 

effects. Clinical experience with Ambisome® showed that treatment with liposomal 

AmB preparation was associated with fewer patients having infusion-related fever (17 

percent vs. 44 percent), chills or rigors (18 percent vs. 54 percent) (Walsh et al. 1999) 

compared with Fungizone®. Both types of AmB complexes (alpha and gamma 

poly(glutamic acid) demonstrated similar impact upon all the cytokines tested as 

Ambisome®. It is reasonable therefore to expect that in vivo, AmB complexes would 

cause less infusion-related toxicity in the same manner as Ambisome®.

In a 72 h study of AmB release from the complex, it was found that only 3 percent of 

the total AmB was released. This illustrates a slow and sustained release of AmB by 

the complex. These results are in agreement with those obtained by other 

investigators. Yokoyama et al. showed that micelles composed of adriamycin- 

conjugated poly(ethylene glycol)-poly9aspartic acid) block copolymer had a very 

slow rate of dissociation in water and PBS. Whilst the addition of serum rabbit to PBS 

accelerated the dissociation, it was still less than 30% after 6 h. They also found that 

polymers containing long hydrophobic chains were less stable than hydrophilic 

counterpart in vitro (Yokoyama et al. 1993). Since PGA contains many hydrophilic 

COOH pendant groups, it is therefore expected to be very stable. The mechanism of 

AmB release from the complex is probably via diffusion. Evidence from TEM 

suggests that the AmB complexes probably self-assemble into micellar-structure type 

and since polymeric micelles’ stability in vivo is known to be subject to sink 

conditions and may be affected upon dilution with biological fluids after 

administration (Lavasanifar, Samuel, & Kwon 2002); the AmB complexes’ kinetic 

release would therefore be affected due to rapid dissociation. The complexes however
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showed remarkable stability when suspended in PBS and since only very polar 

solvent was shown to be able to disrupt these interactions according to TLC studies, it 

can be assumed that they would remain stable upon dilution.

The results of the in vivo evaluation of the AmB complexes demonstrated a major 

reduction in the toxicity of AmB upon when formulated as a complex with PGA and 

PAGA compared with amphotericin B deoxycholate (Fungizone®). Liver, kidneys 

and spleen were selected as the three vital organs to observe the efficacy of the AmB 

formulations because these sites are macrophage-rich which serve as reservoirs for the 

pathogens (Donowitz 1994). Evaluation of the fiingal burden in these organs after 7 

and 14 days showed that the high molecular weight AmB/PGA complex (-110 kDa) 

was the most efficacious with Fungizone® the least active out of the four AmB 

formulations used in the study, representing at least 5-fold difference between the 

former and the latter. The AmB/PAGA complex (50-70 kDa) was almost as active as 

the AmB/PGA complex (-110 kDa) whilst although considerably less active than 

these two complexes, the AmB/PGA complex (-55 kDa) still performed better than 

Fungizone®. The superior efficacy of the AmB complexes may be due to their 

enhanced macrophage uptake which was previously demonstrated in the in vitro study 

in J774A.1 cells. For diseases such as C.albicans infections, macrophage delivery 

would enhance the delivery and therapeutic index of the drug (Gordon & Rabinowitz

2007). Fungizone® on the other hand, displayed a lower capacity for macrophage 

uptake compared with the AmB complexes in the in vitro study in J774A. 1 cells and 

this could explain its inferior efficacy. There is also another important observation in 

this study, which is the significant difference in activity between the AmB/PGA 

complexes. The higher molecular weight complex was substantially more active 

compared with its lower molecular weight counterpart (110 kDa versus 55 kDa). The 

reason for such disparity in efficacy in vivo between Fungizone® and the all AmB 

complexes (and also between the two complexes 55 and 110 kDa) could well be due 

to the difference in their pharmacokinetic patterns. Experiments in human in a phase 

rV study shows that liposomal AmB differs from AmB deoxycholate in the 

pharmacokinetic patterns, having higher plasma concentrations, lower apparent 

distribution volumes and greatly reduced renal and faecal clearances (Bekersky et al.

2002). It is therefore reasonable to deduce that the formulation which has a stable
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intravenous drug delivery system in the same manner as liposomal AmB that remains 

longer in the circulation would result in greater efficacy. Another possible explanation 

for the difference in the two AmB/PGA complexes is that the higher molecular weight 

complex has a greater capacity for the macrophage uptake. Further investigations will 

be needed in order to elucidate the difference in vivo performance of all the AmB 

formulations tested here.

This study also showed significant differences in the survival among the groups 

treated with AmB formulations. No animal from the group which received the 

Fungizone® treatment survived 30 days post infection whilst those that received the 

AmB/PGA complex (-110 kDa), AmB/PAGA complex (50-70 kDa) and AmB/PGA 

complex (-55 kDa) had a survival rate of 80%, 60% and 50% respectively. The 

difference in survival could be due to two factors: efficacy of the treatment and 

toxicity. Indeed, whilst the efficacy of the AmB treatment correlated with the percent 

survival and the results are clear, toxicity from the AmB treatment could also be a 

contributing factor to the survival rates. Treatment with Fungizone® is known to 

cause serious nephrotoxicity and often the treatment has to be halted as a result 

(Ulozas 2010). The fact that none of the animals in the group that received the 

Fungizone® treatment survived 15 days post infection indicated that this could be due 

to toxicity. Although the toxicity of the AmB formulations was not evaluated in this 

study, one could extrapolate the results from the in vitro toxicological activity of the 

AmB complexes. In vitro assays consistently showed that the AmB complexes 

significantly produced less red blood cell lysis and less LDH release compared with 

Fungizone® and their attenuated toxicological activities could reflect in the better 

survival rates in vivo. It is worth to mention that AmB/PGA complex (-110 kDa) had 

a lower in vitro toxicological profile compared with the AmB/PGA complex (-110 

kDa) and perhaps was a contributory factor in determining the former’s better survival 

rates. The implications of potentially reduced toxicity of the AmB formulations would 

be to allow accommodation of much higher doses of the drug for in vivo use. This 

would certainly be advantageous in the management of less susceptible or drug- 

resistant isolates of fungal pathogens which do not respond to lower drug doses of 

antifungal agents. Comparison between the animals in the control group and those 

receiving PGA and PAGA showed that none of the animals in the control group
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survived after 7 days. This implies that both types of poly(glutamic acid) have some 

degree of antifungal activity towards C.albicans although their activity was not 

sufficient to keep the animals alive after 14 days. In animal studies, antitumour 

activity of high molecular weight PGA has been noted by investigators (Kim et al. 

2007b) but this is the first time that the antifiingal activity of PGA has been observed. 

However, this must be treated with caution and requires further investigation since 

our own in vitro study did indicate that PGA had no antifungal activity at all.
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CHAPTER V 

Complexation of anticancer agents and other drug compounds

Based upon the encouraging results with the complexation of AmB, it was thought 

that other water insoluble drugs could be incorporated into PGA in the same manner. 

This chapter describes attempts at improving the water solubility of some of these 

water insoluble drugs using the same complexation method described in the previous 

chapter. The goal was to explore the feasibility and versatility of the solubilising 

technique based on the AmB/PGA complexation method. 7-ethyl-10- 

hydroxycamptothecin - a potent anticancer agent and whose delivery has been 

investigated for a number of years - was the main focus in this chapter whilst other 

drug compounds such as the anticancer agents (methotrexate, etoposide), the 

antioxidants (resveratrol, vitamin TPGS), antifungal (itraconazole) and the 

immunosuppressant (cyclosporine) were also briefly visited. The hypothesis was that 

PGA would serve as an underpinning polymeric platform whose associations with the 

water insoluble drug via non-covalent interactions would confer water solubility as 

well as reduced toxicity as observed for AmB. The theme of this chapter was the same 

as in Chapter II, where a polymer-drug construct was synthesised, followed by 

characterisation.

5.1. Complexation of 7-ethyl-lO-hydroxycamptothecin (SN-38)

5.1.1. SN-38 and formulation issues

7-ethyl-10-hydroxycamptothecin (SN-38) is an analogue derived from camptothecin 

which belongs to a group of plant-derived alkaloids including the anticancer agents 

paclitaxel, vincristine, and vinblastine. Camptothecin was first isolated from extracts 

of Camptotheca acuminate inl958, a deciduous tree native to China and Tibet (Wani 

et al. 1987). SN-38 and the campothecins, have a unique mechanism of action. They 

inhibit topoisomerase I which catalyses changes during DNA replication by producing 

reversible single strand breaks through the formation of a stable topoisomerase I- 

DNA cleavable complex (Hsiang et al. 1989). SN-38 is also known to exert its
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antitumour activity via the induction of cell cycle arrest and apoptosis through the 

enhancement of the Bax, p63, and cyclin E proteins (Ueno et al. 2002).

Despite its potent and broad antitumour activity against various cancer cells including 

lung, colorectal, cervical, and ovarian carcinomas, its potential has not been realised 

due to severe toxicity and extremely poor aqueous solubility (Srivastava et al. 2005). 

In addition, SN-38 exists in a dynamic equilibrium either as the active lactone form or 

the inactive carboxylate form or both depending on the pH of the environment. In 

solution, the lactone form exists predominatly in the acidic medium whilst the 

carboxylate form in the alkaline medium (Wani et al. 1987) (Figure 50). The general 

consensus among investigators is that the antitumour activity of SN-38 is dependent 

upon the lactone form (active) and thus conversion to the carboxylate form (inactive) 

in vivo limits the activity of SN-38 (Crow & Crothers 1992). Furthermore, the 

carboxylate forms have a high affinity for pasma proteins, and thus shifting the 

equilibrium in favour of the inactive form and causing the rapid removal of the drug 

from the body (Burke & Mi 1993).

HO.HO.

Acidic Alkaline

OH

COO

CH3  OHCH3 OH

Lactone Carboxylate

F igu re  51 S N -3 8  and  the d y n a m ic  ca rb o x y la te  and  la cto n e  eq u ilib r iu m

The active lactone form and inactive carboxylate form of SN-38 in a dynamic 

equilibrium where the lactone form is found predminantly in the acidic pH and the 

carboxylate the alkaline pH
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In an attempt to overcome the issues associated with SN-38 and the camptothecins, 

several derivatives of camptothecin have been designed to increase solubility, lactone 

stability, and to reduce toxicity. Among them, Irinotecan (Camptosar®, Pfizer) and 

topotecan (Hycamtin®) were the first camptothecin analogues that were indicated for 

colon and ovarian cancer (Abigerges et al. 1994), (Kudelka et al. 1996).

Irrinotecan is a commercially available prodrug of SN-38 which is converted into the 

active metabolite SN-38 by the enzyme carboxylesterase in the liver (Rivory et al. 

1996). It is reported that only a small fraction (2-8%) of irinotecan administered into 

the human body is converted to SN-38, hence a large dose of irinotecan is needed to 

achieve therapeutic effectiveness (Rivory et al. 1996). In addition, the conversion of 

irinotecan (micromolar plasma levels) to SN-38 (nanomolar plasma levels) is highly 

variable from patient to patient (Wani et al. 1987) which can potentially adversely 

affect the clinical management and outcome of patients as well as causing life 

threatening toxicities. SN-38, on the other hand, has an advantage over its 

camptothecin precursors in that it does not require activation in the liver, thereby 

greatly reducing the interpatient variability. Additionally, SN-38 is approximately 

1000-fold more potent than irinotecan as a topoisomerase I inhibitor against several 

tumour cell lines (Kawato et al. 1991). However, the development of this drug has 

been largely hindered by the poor solubility and stability of SN-38 in 

pharmaceutically acceptable solvents.

The two major dose-limiting toxicities of SN-38 are neutropenia and diarrhoea 

(Maroun et al. 2006). Approximately 40% of treated patients experience severe grade 

3-4 diarrhoea, ranging from abdominal cramps, several stools per day to life 

threatening systemic syndromes such as electrolyte disturbances (Hecht 1998). The 

induced diarrhoea can be divided into two distinct types: an early onset which occurs 

during or shortly after SN-38 administration and late onset diarrhoea which is of a 

serious concern. It usually develops more than twenty-four hours after drug 

administration, but can occur up to ten days after initial irinotecan therapy. 

Leucopenia is another frequent side effect which may require the administration of 

granulocyte colony stimulating factor (GCSF) (Cunningham et al. 2001).
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5.1.2. Current formulations of SN-38 in clinical trial

Over the last decade, the approach of research has switched from discovering 

derivatives of known compounds to formulating existing active but often insoluble 

drugs. SN-38 is not an exception to this trend and there have been many innovative 

formulations recently. Below is an outline of some of the most important formulations 

to date.

5.1.2.1. Pegylatedformulation of SN-38

The most recent development of SN-38 was recently announced by Enzon. They have 

successfully prepared a formulation where four SN-38 molecules are linked to a 

multiarm poly(ethylene glycol) (PEG) backbone system, yielding high drug loading 

and significantly improved water solubility (400- to 1000-fold increase). In order to 

achieve this feat, three different protecting strategies were developed to selectively 

acylate the 20-OH of SN-38 to preserve its E-ring in the lactone form while PEG is 

still attached. The PEG/SN-38 conjugates have shown excellent in vitro anticancer 

activity, with potency similar to that of native SN-38 and 10 to 245 fold more potent 

than CPT-11 in various cancer cell lines. The PEG-SN38 conjugates also have 

demonstrated superior anticancer activity in the MX-1 xenograft mice model 

compared with CPT-11 and showed marked antitumour activity in animals that had 

developed resistance to an 8 day course of CPT-11 treatment (Zhao et al. 2008). 

According to their most recent study in paediatric neuroblastoma, PEG-SN38 

produced superior antitumour activity which led to significantly greater tumour 

regression as compared to CPT-11 in both in vitro and in vivo models (Pastorino et al. 

2010).

5.1.2.2. Micellar formulation

Another SN-38 formulation that has reached clinical trials is a novel polymeric 

micelle system, NK102. The preparation involves SN-38 being covalently conjugated 

to the poly(a-glutamic acid) segment of the block copolymer poly(glutamic acid) and
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poly(ethylene glycol). The resultant amphiphile self-assembles in an aqueous milieu 

to form SN-38-incorporating micelles. The micelles are of narrow size distribution 

around approximately 20 nm and display a much higher cytotoxic effect against lung 

and colon cancer cell lines when compared with irinotecan. Moreover, NK012 was 

shown to be able to release free SN-38 in the tumour over a prolonged period. In 

2006, NK012 entered phase I clinical trial in patients with advanced solid tumours 

(Koizumi et al. 2006). A recent phase I clinical trial in patients with solid tumour 

demonstrated that it was well tolerated and showed antitumour activity across a 

variety of advanced refractory cancers (Hamaguchi et al. 2010).

5.1.2.3. Liposome-based formulation, LE-SN-38

Another recent SN38 formulation that has entered Phase II clinical trials is LE-SN-38. 

LE-SN-38 was prepared by the thin-film hydration method whereby a thin film 

composed of lipids (phosphatidylcholine, cholesterol, and cardiolipin) and a- 

tocopherol was prepared and subsequently hydrated with an alkaline solution 

containing SN-38, followed by homogenisation. After extrusion, the resulting 

liposomes were lyophilised. Prior to use, the liposomes were reconstituted with acidic 

lactate buffer in order to convert the inactive carboxylate form to the active lactone 

form of SN-38. LE-SN-38 showed antitumour activity against a panel of tumour cell 

lines. A Phase I clinical trial did not reveal any serious adverse events or dose limiting 

toxicities. LE-SN-38 was shown to be safe and well tolerated (Pal et al. 2005). In

2006, a phase II study in metastatic colorectal cancer patients was conducted but the 

results did not meet pre-specifted criteria and it was concluded that LE-SN-38 did not 

merit further evaluation in patients with metastatic colorectal cancer (Ocean J.A. et al.

2008). The company (NeoPharm) has not published any update on the product since

2007.
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5.1.3. Preparation of SN-38/PGA complex

5.1.3.1. Materials and method

In a typical complexation reaction, PGANHS (7% NHS loading) (10 mg, 38.1 mmol) 

was solubilised in anhydrous DMSO (200 pi) overnight at room temperature. SN-38 

(6.9 mg, 17.6 mmol Avra Lab. India) was solubilised in anhydrous DMSO (200 pi) in 

a 10 ml round bottom flask. PGANHS was added drop wise to solubilised SN-38 with 

stirring. NaOH (109 pi, 109 mmol) was then added drop wise very slowly to this 

stirred mixture. Water (1 ml) was then added to allow hydrolysis to take place and the 

solution was left to stir for 1 h at room temperature. After further dilution with water 

(3.5 ml), the solution was dialysed using a dialysis membrane 12,000-14,000 Da cut

off membrane (Medicell International Ltd.) against 4 litres of water with at least ten 

changes of water over 24 h. The dialysate was filtered through a 0.2 pm filter and 

freeze-dried.

5.1.4. Characterisation of SN-38 complexes

5.1.4.1. UV spectroscopy analysis

SN-38 complexes were analysed using a Hitachi UV-2800 UV-Visible 

spectrophotometer. SN-38 was detected at 269 nm. Samples for analysis were 

prepared by reconstituting 1 mg of the complex in water (1ml) and filtering through a

0.22 pm filter. For the determination of the SN-38 concentration, the reconstituted 

sample (20 pi) was diluted with DMSO (980 pi) to make up 1 ml of sample for UV 

analysis.

5.1.4.2. HPLC analysis

HPLC analysis of the SN-38 complexes was performed using a Jasco UV-1570 

intelligent UV/VIS equipped with an Agilent Zorbax SB- C l8 column with a 

dimension of 4.6 x 250 mm, 5 pm. The mobile phase consisted of 75% ammonium 

acetate buffer solution (20 mM ammonium acetate, 43.6 mM ethyl amine, pH
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adjusted to 5 with acetic acid) and 25% acctonitrilc. SN-38 was detected at a 

wavelength of 265 nm. The flow rate was set at 1 ml/min and the injection volume 

was 10 |xl. Measurements were performed at room temperature. The run time was set 

to 20 minutes. For the determination of SN-38, a calibration curve for each species of 

SN-38 was established separately. SN-38 was solubilised in DMSO to obtain the 

lactone form whilst SN-38 was dissolved in PBS buffer with pH adjusted to 12 to 

obtain total conversion to the carboxylate form.

5.1.4.3. Size and zeta potential of SN-38 complexes

The particle size and zeta potential of complexes in solution were evaluated using a 

Zetasizer Nano ZS (Malvern).

5.1.4.4. TEM of SN-38 complexes

The morphologies of the complexes were observed by TEM (JEOL) at 100 kV. The 

protocol was as per the AmB complex analysis.

5.1.5. In vitro anticancer activity evaluation of SN-38 complexes

5.1.5.1. Materials and methods

The HT29 cell line and A549 cell line were both from Health Protection Agency 

Culture Collections (HPACC); DMEM medium, McCoy’s 5A medium, foetal calf 

serum, trypsin-EDTA, MTT were all from Sigma-Aldrich.

HT29: Frozen HT29 cells (human Caucasian colon adenocarcinoma) were obtained 

from HPACC and grown in a T75 flask containing culture medium (15 ml) and 

incubated for 3 days at 37°C and 5% CO2. The culture medium was composed of 

McCoy’s medium with foetal calf serum (10%) and spiked with penicillin- 

streptomycin (2%). A confluent monolayer of HT29 cells was tryptinised and diluted 

in the prepared medium. Cells (100 pi) were seeded with a density of 10"̂  cell/well in a 

96-well tissue culture plate. This was followed by an incubation period of one hour at

192



37°C and 5% CO2 atmosphere. Drug samples at concentrations up to 20 pg/ml were 

added and the culture plate was returned in the incubator for 72 hours. MTT solution 

(20 pi at 5 mg/ml in serum-free medium) was added to each well and the plate was 

subjected to a further 4 hours of incubation at 37°C and 5% CO2 atmosphere. After 

incubation, the medium was aspirated and DMSO (100 pi) was added to each well. 

The plate was then placed on a shaker for 30 minutes at room temperature followed 

by spectrophotometric analysis at 570 nm using a Wallac Victor II multilabel counter 

(PerkinElmer, Inc.).

A549: Frozen A549 cells (human Caucasian lung carcinoma) were obtained from 

HPACC. The culture medium was prepared from DMEM medium supplemented with 

foetal calf serum (10%) and penicillin-streptomycin (2%). The protocol for the 

subculture and MTT assays were as per the HT29 cells except the drug sample 

concentrations used were in the range of 0-100  pg/ml for the determination of the 

ED50.

Data analysis was performed using GraphPad Prism 5.

5.2. Solubilisation of other water insoluble drugs

5.2.1. Preparation of drug complexes

5.2.1.1. Materials and methods

Methotrexate, etoposide, resveratrol, vitamin E, itraconazole and cyclosporine were 

purchased from Sigma-Aldrich; vitamin E d-alpha tocopheryl polyethyleneglycol 

(TPGS) was from Eastman.

In a typical complexation reaction, PGANHS (7% NHS loading) (10 mg) was 

solubilised in anhydrous DMSO (200 pi) overnight at room temperature. Drug (6.9 

mg) was solubilised in anhydrous DMSO (200 pi) in a 10 ml round bottom flask. 

PGANHS was added drop wise to the solubilised drug with stirring. NaOH (109 pi) 

was then added drop wise very slowly to this stirred mixture. Water (1 ml) was added
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to allow hydrolysis to take place and the solution was left to stir for 1 h at room 

temperature. After further dilution with water (3.5 ml), the solution was dialysed 

using a dialysis membrane with a 12,000-14,000 Da cut-off (Medicell International 

Ltd.) against 4 litres of water with at least ten changes of water over 24 h. The 

dialysate was filtered through a 0.2 pm filter and freeze-dried.

5.2.2. Characterisation of drug complexes

5.2.2.1. UV spectroscopy analysis

Complexes were analysed using a Hitachi UV-2800 UV-Visible spectrophotometer. 

Vitamin E TPGS was detected at 286 nm and etoposide at 288 nm. Quantitation of 

Vitamin E TPGS was performed in water and etoposide in methanol and the 

respective concentrations were extrapolated off the calibration curves in the 

corresponding solvents.

5.2.2.2. HPL C analys is 

Resveratrol

HPLC was carried out using a Jasco UV-1570 intelligent UV/VIS equipped with an 

Agilent Zorbax SB- C l8 analytical column (4.6 x 250 mm, 5 pm) with a mobile phase 

consisting of methanol (55%), water (45%) and trifluoracetic acid (1%) at a flow rate 

of 1 ml/min. The volume drawn for each analysis was 10 pi. The detection was 

determined at 306 nm and the run time was set to 10 minutes. For the quantitative 

determination of resveratrol, a calibration standard curve was established from the 

free resveratrol solubilised in methanol.

Etoposide

As for resveratrol except the detection of etoposide was set at 288 nm.
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5.2.2.3. Size and zeta potential of drug complexes

The particle size and zeta potential of complexes in solution were evaluated using a 

Zetasizer Nano ZS (Malvern).

5.2.2.4. TEM of complexes

The morphologies of the complexes were observed by TEM (JEOL) at 100 kV. The 

protocol was as per the AmB complex analysis.
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5.3. RESULTS

5.3.1. Complexation of SN-38 with PGA

The aim of these experiments was to investigate whether SN-38 would interact with 

PGA under specified conditions to form water soluble complexes as per AmB 

complexation experiments. Initially, SN-38 was reacted with different amounts of 

PGA in order to find out the optimum ratio required for the complexation reaction. 

Formulations with the highest practical drug loading using the least amounts of PGA 

would then be selected to be carried forward for characterisation and in vitro 

biological evaluation.

T ab le  13 D ru g  lo a d in g s o f  S N -3 8 /P G A  co m p lex es

Data are means (n=3). ANOVA, conducted to investigate differences due to drug 

loading efficiency, showed no significant differences among the entries (p>0.05). Post 

hoc Tukey-Kramer multiple comparison tests showed that all entries were not 

different from one another (p>0.05).

E n try P o ly m er

(mg)

S N -3 8

(mg)

P ra ctica l d ru g  loa d in g  

e fllc ie n c y  (% )

1 10 6.9 29.0 ±6.7

2 20 13.8 35.9 ±3.2

3 40 27.6 26.7 ±4.0

4 100 69.0 2 2 .9  ± 6 .1

Preparation of the drug/polymer complex was carried out as previously described for 

AmB. Upon the addition of sodium hydroxide, the solution immediately turned bright 

yellow, indicating the conversion of SN-38 to the carboxylate form. The reaction 

mixture was a clear solution which suggested the formation of a water soluble 

complex as also observed in the AmB preparation. The freeze-dried product was a 

bright yellow powder.

196



The results of SN-38 complex preparation are shown in Table 13. It appears that at a 

fixed amount of SN-38 (6.9 mg), increasing the amount of PGA from 10 mg to 40 mg 

did not improving drug loading efficiency which remained in the region of 22 -  36 %. 

Due to these observations, the drug to polymer ratio of 6.9 mg to 10 mg was chosen 

as the optimum for the complexation reaction of SN-38. Early indications were that 

the encapsulated drug was predominantly the carboxylate form of SN-38 due to the 

bright yellow appearance of the resulting complexes.

5.3.2. Characterisation of SN-38 complexes

5.3.2.1. UV Spectroscopy ofSNSS complexes

Abs
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Figure 52 UV spectrum of SN-38 complex

The native SN-38 absorbed UV light in the region of 250 to 450 nm with the first 

peak at 265 nm followed the next two peaks between 335-370 nm. For the 

determination of SN-38, a standard calibration curve of SN-38 was established by 

serial dilutions of SN-38 in DMSO and the measured at 265 nm. The SN-38 complex 

(1 mg) was reconstituted initially in water (1 ml), 20 pi of which was diluted with 

DMSO (980 pi) to make a 1 ml solution for analysis.
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5.3.2.2. HPLC analysis

The column used was an Agilent Zorbax SB- CIS  column with high affinity for 

hydrophobic compounds so it was expected that the carboxylate form o f  SN-38 would 

elute before the lactone form. This was clearly evident in the chromatograms (Figure 

52). The carboxylate fomi eluted at 3.32 minutes while the lactone took longer at 

14.20 minutes.
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Figure 53 HPLC chromatograms of carboxylate and lactone form of SN-38

Retention time o f  carboxylate fomi (3.32 mins) and o f  lactone form (14.20 mins)

recorded at pH 3 and 12 respectively.

The area under the curve was directly proportional to the concentration o f  the sample 

loaded into the HPLC. Therefore HPLC is an invaluable tool not only in 

differentiating the different forms o f  SN-38 but also in determining their relative 

concentrations. The complex contained SN-38 predominantly in its inactive 

carboxylate form (Figure 53). Not surprisingly, given that the complexation reaction 

was perfonned under alkaline conditions, most o f  the SN-38 incorporated within the 

complex must therefore have been converted to the carboxylate form.
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Figure 54 HPLC chromatogram of SN-38 complex

The SN-38 complex contained predominantly lactone form

Table 14 Carboxylate: Lactone ratio in SN-38 complex

Carboxylate and lactone fonn in the SN-38 complex analysed by HPLC (n = 3)

Entry Carboxylate (%) Lactone (%)

1 92.3 ± 4 .4 7.7 ± 3 .2

2 82.6 ±6.5 17.4 ± 2 .9

3 90.1 ± 1.7 9.9 ±0.8

4 94.8 ± 2.3 5.2 ± 1.1

Attempts at converting the SN-38 from carboxylate to lactone form

Since the carboxylate form o f  SN-38 is reported to be the toxic fonn, several 

strategies were attempted to circumvent the fonnation o f  the carboxylate fonn. The 

earboxylate-lactone is a dynamic equilibrium and thus changing the pH medium 

would bring about the change in SN-38 form. These strategies are summarised as 

follows:

1. The preparation o f  the SN-38 complex was carried out as before. The reaction 

mixture was dialysed against water pH adjusted to 3, 4, 5, and 6. However, 

precipitation o f  the drug occurred rapidly.
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2. The SN-38 complex was prepared as before. For the reconstitution, the complex 

was dissolved in lactate buffer (pH 5). The resulting solution was clear (colourless) 

but precipitation occurred within 10 minutes.

3. The SN-38 complex was prepared as before up to the water dilution step. The pH of 

the reaction mixture was neutralised with citric acid solution (1%) prior to dialysis. 

Precipitation however occurred immediately.

4. Since the use of an activated PGA required NaOH for hydrolysis and removal of 

the NHS moieties which contributed to the conversion to the carboxylate form, it was 

thought that SN-38 could be better prepared by the physical entrapment method. 

Briefly, PGA (10 mg) and SN-38 (6.9 mg) were solubilised together in DMSO (400 

pi. The mixture was stirred at room temperature overnight and then dialysed against 

pure water. Precipitation too occurred after 4 h.

5.3.2.3. Size and zeta potential of the SN-38 complexes

Estimation by DLS showed that the average hydrodynamic diameter of the SN-38 

complexes was between 100-150 nm which was similar to those obtained for the 

AmB complex. The zeta potential of the SN-38 complexes was approximately -50 

mV which was also consistent with those obtained for the AmB complex (Table 15). 

This is not surprising given that both types of complexes contained PGA which 

conferred on it the negative zeta potential.
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T able 15 Size and zeta potential o f  SN -38 com plexes

Size and zeta potential determined by Malvern Nano ZS (n = 3)

Entry Z-average (nm) Polydispers ity

index

Zeta potential  

(mV)

1 137.6 ± 6 .1 0.21 ±0.01 - 5 5 . 2  ±0 .7

2 154.7 ± 2 . 4 0.15 ±0 .08 - 5 5 . 5  ± 0 .6

3 121.0 ± 12.2 0.38 ±0 .05 - 54.1 ±0.1

4 149.7 ± 3 .4 0 .187 ±0 .04 - 5 0 . 9  ±0.1

5.3.2.4. TEM of SN-38 complexes

F ig u re  54 M o rp h o lo g y  o f  SN -38 com p lex  by T E M

Similar to the AmB complexes, in solution the SN-38 appeared as spherical vesicles 

with a diameter o f  10 -30 nm. Visually, the size distribution was fairly uniform.
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5.3.3. Anticancer activity evaluation of SN-38 complexes

Optimisation of MTT assays

Initially, the concentrations of SN-38 used were from 0-100 pg/ml with 2-fold serial 

dilutions. However, data analysis revealed that the drug was too toxic at this range 

and thus the E50 could not be obtained. So the concentration of SN-38 was gradually 

reduced until the results yielded a sigmoidal curve. The range of concentration for 

SN-38 in both the HT29 and A549 cell lines was established at 0-20 pg/ml with 4- 

fold serial dilutions. The activity of CPT-11 was found to be a lot weaker and hence 

the concentration range was established at 0-100  jig/ml with 2 -fold serial dilutions.

The effective dose (ED50) was established for the SN-38 complex in the colorectal 

cancer cell line (HT29) and lung cancer cell line (A549) by MTT assay. The SN-38 

complex had similar ED50 when compared with the native SN-38 (P>0.05) but 

significantly lower ED50 when compared with CPT-11 (P<0.001 and P<0.05 for A549 

and HT-29 respectively), implying significantly higher anticancer activity in both the 

cell lines tested. The SN-38 complex was approximately 590 times higher in potency 

in the HT29 cell line and 15 times higher in A549 when compared with CPT-11 

(Figure 55). Although it must be stressed here that CPT-11 is a prodrug which 

requires conversion into SN-38. Overall, the SN-38 complex and the native drug had 

similar anticancer activity. To determine whether PGA contributed towards to the 

complex cytotoxicity, in a separate experiment, PGA was evaluated for its anticancer 

activity. The data showed that at such molecular weights and concentrations it had no 

activity in either cell line (Figure 56). Cytotoxicity of lactone and carboxylate form of 

SN-38 was also studied in A549 cell line. The carboxylate form was at least as 

cytotoxic as the lactone form (Figure 57).
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Figure 55 Anticancer activity of SN-38 complexes, CPT-11 and SN-38 

MTT assays in HT29 (blue) and A549 (red) eaneer eel! lines. Eaeh experiment was 

perfonned in quadruplieate and results are pooled from three separate experiments. 

Data were analysed by GraphPad Prism 5.
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T ab le  16 A n tic a n c e r  activ ity  o f  SN -3 8  co m p lex , C P T -1 1 an d  S N -3 8  by M T T  assays.

Data are pooled from 3 separate experiments (n=3). Statistical analysis: One-way 

ANOVA with Dunnett’s post test was performed for SN-38 vs. complex and CPT-11; 

SN-38 vs. complex P > 0.05 variation considered not significant, SN-38 vs. CPT-11 P 

< 0.05 variation considered significant.

Drug EDso (mg/L)

HT29 A549

SN-38 complex 0.037 ±0.01 3.12 ±0.43

Irinotecan (CPT-11) 21.86 ± 13.78 46.21 ±9.11

SN-38 0.020 ±0.01 1.56 ±0.35

PGA (55 kDa) HT29100-1 100-1
PGA (55 kDa) A549

W 50 :Q 50-

1 I

0.000010.0001 0.001 0.01 0.1 1
Cone, (pg/ml)

10 0.000010.0001 0.001 0.01 0.1
Gone, (pg/ml)

10

F ig u re  56  C y to to x ic ity  o f  P G A

PGA (-55 kDa) was assessed for toxicity in HT29 and A549 cell lines; the results 

showed that it had no cytotoxic activity.
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A comparison o f  cytotoxicity o f  lactone and carboxylate fonn o f  SN-38 in A549

5.3.4. Solubilisation o f  other w ater  insoluble drugs

O f the six drug compounds that were studied, only three resulted in the fomiation o f  

water soluble complexes. These were etoposide, resveratrol and vitamin E TPGS. For 

the other drug eompounds, the reaetion mixture quiekly turned eloudy during the 

hydrolysis step, indieating precipitation o f  the drug as the reaetion medium moved 

from an organie to an aqueous phase. In the complexation o f  resveratrol, the reaction 

mixture changed from very light purple to deep purple. This eolour ehange was the 

result o f  the transformation from the -trans to -cis  form, the latter is known to be the 

less aetive fonn o f  resveratrol (Mikulski, Gorniak, & Molski 2010). Etoposide and 

vitamin E TPGS eomplexes when reeonstituted in water yielded eolourless solutions. 

HPLC analysis o f  the etoposide eomplex however, showed a major peak at 4.25 

minutes which represented a change from the retention time o f  5.90 minutes for the 

native drug (F igure 57). As observed in the ehromatogram o f  the SN-38 complex, the 

earlier elution time was due to the ring-opening o f  the laetone ring. These 

observations were in agreement with those reported in literature where etoposide was 

reported to undergo isomérisation in alkaline medium from frans- to cis- with the 

lactone ring-opening in the final step with the result o f  loss o f  biologieal activity 

(Mader et al. 1991). Similarly, reeonstituted resveratrol complex yielded a clear 

brown solution similar to that o f  the resveratrol solution that had undergone photo

oxidation (F igure 58).
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T ab le  17 D ru g  lo a d in g  e ffic ien cy  o f  oth er  d ru g  m olecu les by  co m p lex a tio n

Drug complexes constructed from the complexation with PGA (-55 kDa). Data are 

pooled from three separate experiments.

Drug category Drug molecule Drug loading efficiency 

(%)

Anticancer Etoposide 25 ± 5.2

Methotrexate -

Antioxidant/anticancer Resveratrol 11 ±3.7

Anti fungal Itraconazole -

Vitamin/solubiliser Vitamin E TPGS 31 ±6.4

Immunosuppressant Cyclosporine -

Similar to previous studies for AmB and SN-38, etoposide, resveratrol and vitamin E 

TPGS all have a hydrodynamic diameter around 100 nm and a zeta potential around - 

50 mV.

T a b le  18 S ize  and  zeta  p o ten tia l o f  d ru g  com p lex es

Size and zeta potential of complexes determined by DLS. Date are pooled from three 

separate samples

Drug complex Z-average

(nm)

Polydispersity

index

Zeta potential 

(mV)

Etoposide 87.6 ±4.4 0.12 ±0.05 -50.2 ± 2.8

Resveratrol 114.7 ±2.3 0.13 ±0.01 -55.0 ±2.5

Vit. E TPGS 101.0 ± 1.0 0.26 ±0.11 -51.4 ±6.3
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F igure 58 H PL C  chrom atogram  o f etoposide com plex  (bottom ) and native drug (top) 

HPLC analysis showed that etoposide had undergone degradation during the 

hydrolysis reaction

F igure 59 R esveratrol com plex (left) and native drug  (r ight)

Resveratrol had undergone the transformation from the -trans -cis  to form
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5.4. DISCUSSION

SN-38 is an extremely hydrophobic drug compound and is only adequately 

solubilised in a select few organic solvents. Its water and organic solubility were 

investigated by Zhang et al., and their results showed that SN-38 was practically 

insoluble in water (11-38 pg/ml) and was only adequately soluble in DMSO and 1- 

methyl-2-piperidone (>10 mg/ml and >7.4 mg/ml respectively) (Zhang et al. 2004). 

Attempts to solubilise SN-38 in oil systems including oils, Sotulo®, Lipoid® and co

surfactants also failed (Roger, Lagarce, & Benoit 2011). Thus, improving the water 

solubility of SN-38 presents a great challenge. One of the main goals with 

complexation with PGA therefore was to improve its water solubility, which proved 

successful with AmB.

Early pilot experiments showed that as with AmB, the best solvent for the reaction 

was DMSO. Other reaction conditions such as the drug to polymer ratio, temperature, 

time and different pH conditions were optimised and it was concluded that operating 

conditions would be the same as that used for the AmB complexation method.

The yields of the SN-38 complexes obtained from different experiments are listed in 

Table 13. The yields were sufficiently high with very good drug loadings averaging 

approximately 22 -  35% which were approximately the same as for the AmB 

complex yields. In addition, these were reproducible and the freeze-dried products 

were yellow in appearance which would suggest the presence of the carboxylate form 

of SN-38.

The absorption spectrum of camptothecin is characterised by two characteristic peaks 

at 372 nm and 390 nm whilst native SN-38 produces three distinct peaks; the first at 

265 nm and the next two between 335 -  400 nm. The spectrum of the complex 

reconstituted in water matched these patterns with two peaks in the region 335-400 

nm and one at 265 nm. SN-38 could be easily quantified by UV spectroscopy. Similar 

to the quantitation of AmB by UV spectroscopy, the SN-38 complex was initially 

reconstituted in water followed by dilution with DMSO (ratio 2:98) and the
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concentration extrapolated off the native SN-38 (solubilised) calibration curve. Using 

a mobile phase system consisting of 75% ammonium acetate buffer solution and 25% 

acetonitrile (pH adjusted to 5 with acetic acid), SN-38 was characterised by two 

distinct peaks at 3.32 mins and 14.20 mins corresponding to the carboxylate and 

lactone form respectively. The SN-38 complex typically produced two peaks whose 

retention times matched those of the native compound. Using the same analogy for 

the AmB complex, complexation did not impede SN-38 with its hydrophobic 

interactions with the HPLC column and thus implying the non-covalent nature of the 

interactions between SN-38 and PGA. However, data indicate that the carboxylate 

was the predominant form in the SN-38 complex; quantitatively between 82-94% of 

the SN-38 found in the complex was the carboxylate form. According to other studies, 

this is the inactive form due to the opening of the lactone E ring which is essential for 

interaction with Topoisomerase I (Crow & Crothers 1992) and the carboxylate form is 

known to cause severe toxicity due to its affinity for plasma albumins (Burke & Mi 

1993). Since the reaction required NaOH for hydrolysis, the conversion of SN-38 to 

the carboxylate form was inevitable.

SN-38 is known to take the form of the carboxylate or lactone or both in a dynamic 

equilibrium depending on the pH of the medium (Wani et al. 1987) and investigators 

have manipulated this feature to their advantage. For example, Zhang et al. prepared 

liposomes loaded with the carboxylate form of SN-38 (which had greater affinity for 

lipids as compared with the lactone form) and managed to convert the majority of the 

carboxylate form to the lactone form by reconstituting the freeze-dried liposomes in 

sodium lactate buffer (Zhang et al. 2004). In an attempt to convert the SN-38 in the 

complex to the desirable lactone form, approaches based on pH manipulation were 

adopted including lowering the pH after the complexation, during dialysis and in the 

reconstitution step. These attempts failed however because SN-38 quickly precipitated 

out into the medium.

Consistent with the observations with the AmB complex, the SN-38 complexes 

displayed similar dimensions including a narrowly distributed nanoscale diameter of 

10-30 nm using transmission electron microscopy and a larger hydrodynamic 

diameter of 100-120 nm by DLS. The zeta potential of SN-38 was -50 mV which also
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matched that of the AmB complex. Since zeta potential indicates the charge on the 

particle’s surface and the zeta potential of PGA sodium salt is known to be around -50 

mV, it follows that the zeta potential of SN-38 complex could be attributed solely to 

PGA. Thus, if the complex takes the form of a spherical structure then PGA must 

form the outer layer with SN-38 assembled in the inner core.

SN-38 is a potent chemotherapeutic agent and exerts broad-spectrum activities against 

tumours of the colon, lung, head and neck, breast, pancreas, liver and prostate 

(Srivastava et al. 2005); it is also effective against the multi-drug resistant cells 

expressing P-glycoprotein (Tsuruo et al. 1988). In vitro anticancer activity of SN-38 is 

often referenced against HT29 (colorectal cancer) and A549 (lung cancer) cell lines 

(Ebrahimnejad et al. 2010), (Ueno et al. 2002). Against these two cell lines, the SN-38 

complex was comparable to the native drug and up to 590 and 15 times more active 

than irinotecan against the HT29 and A549 cell lines respectively. These figures 

correspond well with the literature values for SN-38 which is often quoted at 10 to 

1000-fold higher than irinotecan (Kawato et al. 1991). PGA had no activity against 

either cell line and thus can be considered an inert excipient in this regard.

A closed hydroxylactone moiety is often proposed to be a requirement for 

Topoisomerase I activity and the ring-opening of this moiety is considered to result in 

a loss of biological activity (Wani et al. 1987). However, this was not the case with 

the complex which showed full antitumour activity despite containing predominantly 

the carboxylate form of SN-38. In order to check the validity of these observations, in 

a separate experiment, the activity of the carboxylate form was compared directly 

against the lactone form in the A549 cell line. The results indicated that the 

carboxylate form was at least or more active when compared with the lactone form 

(ED50 = 0.78 versus 2.31 respectively) (Figure 57). Therefore, the intact 

hydroxylactone moiety may not be crucial in determining the activity of SN-38 as 

reported by many investigators; instead the loss of biological activity may be due to 

the way that the carboxylate form interacts with the biological fluids in particular 

blood components. The interactions of the carboxylate and the lactone species with 

human serum albumins (HSA) were studied using time-resolved fluorescence 

spectroscopy which showed a differential affinity for each species. The carboxylate
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species demonstrated a 150-fold greater affinity for HSA when compare with its 

lactone counterpart (Mi & Burke 1994). Based on the findings in this study and those 

observed by Mi and Burke, one could argue that the greater interaction of the 

carboxylate species with the blood components and its subsequent rapid removal from 

the biological fluids could be the reason for its reported inactivity and its toxicity and 

not because of the lactone ring-opening. This hypothesis so far has not yet been 

investigated and warrants consideration in future studies of SN-38 in vivo.

Attempts to solubilise drugs of limited water solubility proved to be a mixed success. 

Methotrexate, cyclosporine and itraconazole did not form water soluble complexes 

with PGA. Precipitation occurred as soon as the reaction mixture moved from the 

organic phase to the aqueous phase. Of the three drug compounds that formed water 

soluble complexes with PGA, etoposide and resveratrol are water insoluble drugs 

whilst vitamin E TPGS is water soluble (also a solubilising agent). The lack of non- 

covalent interactions between these drug molecules and PGA could well be a possible 

explanation for this and the mechanism for non-covalent bonding (or lack of) between 

these drug molecules and PGA is beyond the scope of this project. However, using at 

AmB as a model drug molecule that is shown to have a high degree of non-covalent 

bonding with PGA, it is noticeable that AmB has many OH groups and a long alkene 

chain both of which are conducive to H-bonding and hydrophobic interaction 

respectively. On the other hand, cyclosporin for example is a cyclic peptide and 

although it possesses many OH groups which can form intermolecular H-bonding 

with PGA, it however is enclosed molecule (cyclic) which can hamper the 

hydrophobic interaction with PGA. Itraconazole is another good example to illustrate 

this argument as it does not have any association with PGA due to the lack of both 

OH groups and and long aliphalic chain.

Etoposide is a semi-synthetic podophyllotoxin derivative that has been used for the 

last two decades as an effective anticancer agent for the treatment of a variety of 

malignancies such as lymphomas, testicular cancer and lung cancer (Kalpana, Anita, 

& Soumitra 1994). However, its clinical use is limited due to a number of issues. 

Firstly, its administration requires scheduling (Clark et al. 1994) in order to maintain 

the drug plasma concentration between 0.5 -  1 pg/ml which is generally agreed to be
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effective for antitumour activity (Slevin et al. 1989) and to avoid plasma levels of 10 

pg/ml or above where side-effects usually occur (Jonkman-de Vries 1995). Secondly, 

etoposide has a high affinity for plasma albumin (94%) and this has clinical 

implications since only the free fraction is considered pharmacologically active (Allen 

& Creaven 1975). Taken together the need for hospitalisation due to complicated drug 

scheduling and the high affinity for plasma albumin points to the need for a strategy 

of delivering etoposide in manner in which both of these limitations can be overcome. 

Complexation of etoposide with PGA certainly had the potential to resolve the drug’s 

limited aqueous solubility and its poor pharmacokinetic profile. Etoposide certainly 

had the right physicochemical properties which enabled it to interact with PGA 

leading to the formation of water soluble complexes with PGA. However, the drug 

itself is inherently unstable in alkaline medium and HPLC analysis showed that the 

drug had undergone degradation during the formulating process and the resulting 

complex contained mostly degraded products of etoposide.

Resveratrol is another hydrophobic drug that is presently creating much excitement 

among investigators. This dietary constituent is reported to have wide-ranging 

pharmacological activities, including cardio-protective (Hung et al. 2000), anti

inflammatory (Pace-Asciak et al. 1995), anti-cancer (Dong 2002), antioxidant (Filip et 

al. 2003), neuro-protective (Jin et al. 2008) and recently anti-obesity and anti-diabetic. 

Indeed, it is claimed that resveratrol, as a component of red wine, is responsible for 

the French paradox, a phenomenon described as a low mortality due to coronary heart 

disease despite the fatty diets and smoking habits of a frequently red-wine-drinking 

population (Kopp 1998). What also makes resveratrol unique is the way in which it 

exerts its anticancer activity. For example, it exerts its chemo-protectiveness by 

blocking each step of carcinogenesis through the inhibition of kinases, 

cyclooxygenases, ribonucleotide reductase, and DNA polymerases and thus its 

anti cancer activity is described as pleiotropic (Saiko et al. 2001). However, the 

delivery of this compound represents a real challenge due to its extensive and rapid 

metabolism in the gut and liver. Resveratrol’s bioavailability is extremely low with a 

typical half-life of 8-14 minutes following an oral dose (Asensi et al. 2002) and as 

little as 30 minutes for an i.v dose (Walle et al. 2004). Since resveratrol is poorly 

soluble (<0.001 mol/1), poorly orally absorbed and readily converts to the less active
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cis-form and is only soluble in organic solvents such as DMSO or acetone, it was 

thought that delivery of resveratrol in a delivery vehicle that both improved solubility 

but also bioavailability through the protection afforded by the delivery vehicle and 

further prevent transformation into the cw-form. This hypothesis formed the base for 

the complexation with PGA which if successful could achieve these goals. Indeed, the 

data obtained in our investigations suggest that solubilisation of resveratrol based on 

the complexation method was possible. However, this compound underwent 

transformation from the trans- to cis- form during the reaction. Studies in 

medullablastoma cells have identified the /ra/7.s-resveratrol as the bioactive form (Shu 

et al. 2010) and it was reported that resveratrol’s anticancer activity was due to its 

metabolites (Gescher & Steward 2003).

HO. / /  W
HO

OHHO"OH 

/mm

F ig u re  55 T h e ch em ica l s tru ctu res o f  resv era tro l

The trans (active) and cis (inactive) form of resveratrol

The apparent water solubility of resveratrol and etoposide were improved however at 

the expense of degradation due to exposure to the alkaline condition during the 

preparation. As similarly observed with SN-38, these compounds became unstable in 

alkaline medium. These three drug compounds all share one common feature that is 

their anticancer activity. In fact, almost all anticancer drugs are unstable in highly 

acidic or alkaline conditions and therefore would not be suitable candidates for this 

type of solubilisation technique. A modified method which does not requires sodium 

hydroxide hydrolysis perhaps could prevent these instability issues.
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In summary, the success of the solubilisation technique based on PGA would depend 

on two main factors: (a) the drug to be solubilised has to be stable in an alkaline 

environment during the reaction and (b) the drug must have some affinity and non- 

covalent interactions with PGA. These issues aside, this type of solubilising method is 

nevertheless worth considering when the need for improving the water solubility of a 

hydrophobic drug or indeed delivering a water soluble drug arises. For those drugs 

(cyclosporine, methotrexate and itraconazole) that did not form water soluble 

complexes with PGA, it is worth investigating the complexation potential between 

them and other polymers such as poly(aspartic acid) or poly(methacrylic acid). After 

all, these polymers have different architectures and therefore may offer better 

affinity/interactions with these drug compounds.
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SUMMARY AND CONCLUSIONS

Chemotherapeutic agents solubility issues and toxicity in general require 

improvement in delivery so that improve solubility and more selective delivery to 

target site, this may be difficult to achieve but at least exposure of toxic drug to non

targeted site should be attenuated. In order to do this we need more efficient delivery 

methods. AmB is a drug compound with limited water solubility with inherent 

toxicity issues. Traditionally, methods such as making a salt, minor chemical 

modification or ehange the drug from crystalline to amorphous would bring about 

improvement in water solubility. However for chemotherapeutic agents with multiple 

toxicity issues, achieving water solubility is not enough and a solution must be sought 

to reduce these toxicity issues. To meet these demands, there are several other 

methods which could be used to achieve these namely delivery systems such as 

liposomes, micelles (polymeric or conventional), complexes or emulsions. These 

systems have proven to be an effieeient strategy in achieving improvement in water 

solubility as well as targeted delivery.

Although AmB has been available commercially for many years in its conventional 

form as AmB deoxycholate and later re-formulated as lipid complex and liposomes; 

issues still remain with the former due to its instability in solution and adverse side 

effects associated with it and the high cost of the latter formulations. Thus, there is 

still a need for a cost effective formulation of AmB with minimal toxicity. This is 

highly relevant since the patient groups that needs it most happen to be living in the 

poorest regions of the world as in the case of Leishmaniasis alone. In fact, the trend 

for re-formulating potent drugs and improving its pharmacokinetics rather than 

discovering new drugs makes a sounder investment since much is already known 

about the studied drug eompounds.

Since cost was an important factor in the re-formulation of AmB, the selection of 

materials to be used in this project had to be limited to low cost materials. 

Formulation processes also needed to be simple involving as few steps as possible. To 

meet these challenges, forming water soluble AmB complexes using poly(gamma 

glutamic acid) was the approach that was based on another study in which non-
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covalent complexes were observed to form between AmB and poly(methacrylic acid) 

under specified conditions. Unlike covalent conjugation or pegylation, the process of 

making a complex is much simpler, requiring few steps and furthermore it is cheaper 

and more efficient than making liposomes.

PGA was selected as the polymer to be used for the complexation of AmB despite the 

fact that it has not been investigated as extentively as the related polymer poly(alpha 

glutamic acid). Nevertheless, it has been shown to be non-toxic, non-immunogenic, 

biocompatible and safe in many industries including food, cosmetics, medicine and 

drug delivery (Section 1.3) as well as being vastly cheaper compared to its 

counterpart. PGA however comes with its own problem in its inherently high 

molecular weight. The naturally-occuring PGA typically registers in the range of 1000 

-  2000 kDa. In order to avoid problems associated with scavenging by the MPS 

system, PGA’s molecular weight had to be reduced but with a lower limit of 25 kDa 

(above the renal threshold) to maximise the drug’s blood residence time (Hespe, 

Meier, & Blankwater 1977). The initial molecular weight of PGA donated by 

NattoBiosciences was 1500 kDa which was degraded by alkaline hydrolysis method 

to obtain a target molecular weight range below 200 kDa from which a few candidates 

were chosen for the complexation of AmB. It was found that the molecular weight 

PGA could be controlled by NaOH, heat and reaction time (Section 2.1). Analyses by 

GPC, ’H-NHR, ’C-NMR and FT-IR confirmed that the degraded PGA was 

structurally identical to the parent polymer and of high purity but with unexpectedly 

lower solubility in both organic and inorganic solvents possibly due to stronger 

intramolecular H-bondings. Although this method of molecular weight reduction 

appears to be a success, high polydipersity and heterogenicity of the optically active 

PGA (which was not assessed) could lead to herterogenicity in biological outcomes. 

Therefore, in order for PGA to be realised as delivery vehicles, issues associated with 

polydispersity and optical heterogenicity must be solved. So far, progress in situ 

polymer depolymerisation has shown promising results (Richard & Margaritis 2006).

Optimisation studies showed that for an efficient complexation, PGA had to be 

activated with N-hydroxysuccinimide prior to complexation with AmB. NHS 

estérification of PGA improved complexation efficiency as well as minimising
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AmB’s toxicity (which was revealed in subsequent in vitro studies) compared with 

non-aetivated PGA. The increased solubility in DMSO of the NHS-activated PGA 

allowed the complexation reaction to take place in a common solvent and this could 

be the determining factor in promoting greater non-covalent bonding between the 

drug and the polymer. One of the important achievements in this project was the 

ability to modulate the degree of NHS estérification which was carried out by 

controlling the amounts of reactants (Section 2.2). Subsequent investigations revealed 

that it was possible to achieve an efficient complexation with effective removal of the 

leaving groups (NHS) using 10% NHS content. This was an important milestone 

since earlier work with poly(metharylic acid) (100% NHS content) had shown that the 

leaving groups still remained in the final product.

AmB interacted with PGA under specified conditions to form water complexes. It was 

found that as little as 10% of NHS estérification would provide enough 

hydrophobicity for this type of reaction. At this low level of estérification, the 

removal of the NHS leaving groups by dialysis was effective. Analyses by *H-NMR 

showed no residual traces of the leaving groups. Further analyses by HPLC and TLC 

demonstrated that the nature of interaction between drug and polymer was non- 

covalent, indicating that AmB complexed with PGA possibly through a combination 

of H-bonding, hydrophobic bonding or Van der Waals. Extensive UV studies revealed 

crucial differences between the spectra of AmB/PGA complexes to those of AmB 

deoxycholate. Whilst peaks at 410 nm and 388 nm remained the same in both 

formulations, there is a shift from 328 nm to 322 nm in the AmB/PGA spectra. This 

phenomenon coincides in studies by Espada et al. in which heated AmB 

deoxycholated also exhibited (Espada et al. 2008). According to their studies, this 

peak is a signature for the poly-aggregated form of AmB which incidentally also the 

predominant form AmB of liposomal formulation. This form of AmB is the hallmark 

of reduced toxicity which was correlated by in vitro evaluation. The morphologies of 

the complex as observed by TEM revealed a nanoparticulate system with an evenly 

distributed in the range of 20-40 nm whilst the hydrodynamic diameter as measured 

by DLS was approximately 100 nm, indicating overall in solution the complex is in 

the nanoscopic scale. Furthermore, the zeta potential of the complex was around -50 

mV indicating a stable system. Our own study showed that the at least 95% of AmB
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remained assoeiated with PGA in PBS after four weeks at 2-8^C. Sinee the human 

blood contains components which may interact with the eomplex and can potentially 

alter its pharmacokinetics, theerefore future work should investigate the stability of 

the eomplex in the human blood or at least the human serum. However, it is expected 

that the complex would have minimal interaction with blood components due to its 

high negative zeta potential. In kinetic studies, the complex demonstrated a slow and 

sustained release of AmB. Over a period of 72 hours, only 3% was released indicating 

a stable system even when subjected to simulated sink conditions. Thus, it is expected 

that the eomplex would be stable in vivo and remain in the blood circulation over a 

long period of time.

The eomplexes were analysed by DSC to cheek for physical and chemical changes in 

AmB. Thermographs corresponding to the complexes showed no apparent 

endothermie peaks and XRPD studies showed diffuse patterns typical of an 

amorphous material. Thus, the incorporation of PGA in the eomplex has changed 

AmB from crystalline to amorphous material which may account for the complex’s 

high apparent water solubility. Although this may come at cost of reduced stability 

but the presence of PGA is expected to help ensure long term stability through a 

number of specific interactions as well as the anti-plastisizing effect. The long term 

stability of the eomplex was partially verified in a two month stability study which 

showed no changes to the amorphous content of AmB. However, future work 

comprising of at least 18 month study is required to establish its long term stability.

The principal toxicity of AmB is caused by its activity towards the human red blood 

cells and any re-formulation effort of AmB should seek to reduce the haemolytic 

activity of AmB (Larabi et al. 2004). All the complexes tested showed markedly 

reduction in haemolytic activity compared with AmB deoxycholate (Fungizone®). 

There was a correlation between the molecular weight of PGA and haemolysis: the 

higher molecular weight polymer the least haemolysis and the lower molecular weight 

polymer the greatest haemolysis amongst the eomplexes tested. In comparison to 

liposomal AmB (Ambisome®), the complexes caused slightly higher haemolysis. 

AmB is also known to cause cellular membrane leakage leading to nephrotoxicity 

(Deray 2002). The potential cell membrane activity of the eomplex was assessed by
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LDH assay which demonstrated a significantly lower LDH release compared with 

Fungizone ® and eomparable with Ambisome®. Further assessment by MTT assay in 

human kidney cells HK 293 also showed that all the complexes tested had less impact 

upon cell viability compared with Fungizone®. The results from these assays support 

the argument that AmB in its poly-aggregated form is the least toxic which is 

reflected in the much reduced toxicity of AmB complexes and Ambisome®. It must 

be stressed here that poly-aggregated form of AmB in the complex is an extrapolation 

from the UVstudies and thus may need to be verified in the future work by circular 

dichroism analysis.

Susceptibility testing against both strains of Candida (albicans ACTC 14053 and 

tropicalis ACTC 750) indicated that the complexes retained full antifungal activity. 

The performance of all three complexes was near identical suggesting that the 

molecular weight of PGA did not have an influence over the antifungal activity of the 

complex. Both MIC and MFC values of the complexes were also comparable to those 

for Fungizone® and Ambisome® (0.5 -  1 pg/ml). Evaluation by time-kill 

methodology provided furtherproof that all complexes had similar performance 

compared with both Fungizone® and Ambisome®, all of which maintained a 

suppression of -4 log CFU over 24 hours. At the AmB concentration of 2 pg/ml, the 

complexes demonstrated fungicidal rather than fungistatic activity.

The ability of AmB to bring about an imbalance in favour of the pro-inflammatory 

cytokines has often been cited as the cause for the side-effeets observed in the clinic 

(Vonket al. 1998). The results from our experiments showed that whilst Fungizone® 

had a positive impact upon the regulation of eytokines TNF-a and IL-ip, the 

complexes had little impact or slightly negative (Figures 42 & 43). All formulations 

tested showed little or no influence over its modulation ofthe anti-flammatory 

cytokine IL-lra, and were all similar in activity (Figure 44). Thus, it was concluded 

that Fungizone® caused a greater imbalance in favour of the pro-inflammatory 

cytokines than the complexes and Ambisome® and woud be eonsidered to be likely 

to cause the aforementioned side-effects.
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Studies in macrophages showed a greater uptake for the eomplexes than for AmB 

(12% versus 5% respectively). This is a significant observation and warrants further 

investigation sinee enhanced uptake by macrophage is thought to be assoeitaed with 

lower toxicity because (Janknegt et al. 1992). If the eomplexes are proven to have an 

enhanced uptake like liposomes then they potentially can be used for enhanced 

loading of RES organs with AmB for the eradication of the intracellular pathogens 

whilst minimising the free drug/nontarget tissues interaction and hence reduced 

toxicity. PGA may well have a role in facilitating enhanced cellular uptake and the 

precise mechanism by which PGA does this requires elucidation.

The efficacy of the eomplexes were evaluated in mice and were compared directly the 

Fungizone®. The results showed a major reduction in the toxicity of the eomplexes 

compared with Fungizone®. Evaluation of the fungal burden in liver, kidneys and 

spleen after 7 and 14 days showed that all complexes show superior efficacy 

compared with Fungizone®. There were significant differences in activity between 

the AmB/PGA complexes: the higher molecular weight eomplex, the more higher the 

effieaey. The reason for such disparity in efficacy in vivo between Fungizone® and 

the all AmB eomplexes (and also between the two eomplexes 55 and 110 kDa) could 

well be due to the difference in their pharmacokinetic patterns which were observed 

by other investigators in human studies (Bekersky et al. 2002). Further investigations 

will be needed in order to elucidate the pharmacokinetic parameters such as plasma 

concentrations, apparent distribution volumes and renal and faecal clearances of the 

complex in order to confirm this. Measurements in survival after 30 days post 

infection also showed that no animal from the group which received the Fungizone® 

treatment survived whilst those that received the eomplexes had survival rates greater 

than 50%. The difference in survival could depend on both the effieaey of the 

formulation as well as toxicity. In the clinic, treatment with Fungizone® is often has 

to be halted due to serious nephrotoxicity (Ulozas 2010). Therefore, the animal group 

receiving Fungizone® treatment did not survive 15 days post infection could be due 

to toxicity of Fungizone®. Indeed, in vitro assays consistently demonstrated that 

Fungizone® had a higher toxieologieal profile compared with the complexes.
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The complexation of AmB also proved a success with poly(gamma-glutamic acid). It 

was shown here that PAGA could also be used in the same manner as PGA for the 

complexation method. In fact, PAGA was shown to have near identical complexation 

efficiency, physicochemical properties, in vitro and in vivo biological properties as 

PGA. Taken all these results together, it is not unreasonable to argue that PGA could 

replace PAGA as a cheaper alternative.

It was hoped that the complexation method would serve as a universal method for the 

solubilisation of other hydrophobic drugs. However, only the three out of the six drug 

compounds investigated formed water soluble complexes with PGA. It is speculated 

here that success of the complexation depends on the non-covalent interactions 

between these drug molecules and PGA. It would be useful for future work to clarify 

the types of non-covalent bondings that exist between the drug and the polymer 

because it may help to predict which drug compound would work for this type of 

solubilising method. This method also requires the drug compound to be stable in an 

alkaline environment during the reaction. Thus, drug compounds that are known to be 

susceptible to alkaline conditions should not be considered for this complexation 

method.

There are a number of points that need to be elucidated in the future work of the AmB 

complexes. The effect of the molecular weight of PGA on the macrophage uptake of 

AmB needs to be clarified and the toxicity of the AmB complexes in vivo also needs 

to be evaluated as well as the influence of the PGA’s molecular weight on the 

complex’s toxicity. Further, the relationship between the macrophage uptake and 

toxicity should also be established in vivo.

The ability of a polymer to form non-covalent complexes with a drug depends on the 

polymer’s capacity to associate with that drug. Thus, a library of suitable polymers 

such as poly(aspartic acid) and poly(methacrylic acid) among others should be 

compiled. These should be used to test the theory that if a certain drug does not form 

complexes with one polymer, it may do so with one of the others. This strategy could 

potentially widen the application of the complexation method used in this project for 

the solubilisation and the delivery of both water and insoluble drugs. Incorporation of
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the complexes into liposomes could another strategy to further enhance the stability 

and the efficacy of chemotherapeutic agents. On going work in our laboratory shows 

that it is possible to deliver the complex via inhalation to lung and thus this route of 

administration of the complex should be investigated.
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APPENDIX

1. Protocol for Human TNF alpha ELISA Ready-SET-Go!®

Assay procedure

The Coming Costar 9018 ELISA plate was coated with 100 pl/well of capture 

antibody in Coating Buffer. The plate was then sealed and incubated overnight at 4°C. 

The wells were aspirated and washed 5 times with >250 pl/well Wash Buffer. 

Soaking time of 1 minute was allowed during eachwash step to increase the 

effectiveness of the washes. The plate was blotted on absorbent paper to remove any 

residual buffer. One part 5X concentrated Assay Diluent was diluted with 4 parts DI 

water to make up IX Assay Diluent which was then used to block wells (200 

pEwell). The plate was incubated at room temperature for 1 hour. The plate was 

aspirated and washed five times with wash buffer. Using IX Assay Diluent, standards 

were diluted in accordance with the Certificate of Analysis. Standard (100 pl/well) 

was added to the appropriate wells. Two-fold serial dilutions of the top standards were 

performed to make the standard curve. AmB formulation samples (lOOpl/well) were 

added to the appropriate wells. The plate was sealed and incubated at room 

temperature for 2 hours (or overnight at 4°C for maximal sensitivity).

The plate was aspirated and washed five times with wash buffer. The detection 

antibody was diluted in accordance with the Certificate of Analysis and added to 

wells (100 pEwell). The plate was sealed and incubated at room temperature for 1 

hour. The plate was aspirated and washed five times with wash buffer. Avidin-HRP 

diluted in IX Assay Diluent was added (100 pl/well). The plate was sealed and 

incubated at room temperature for 30 minutes. The plate was aspirated and washed 

seven times with wash buffer, leaving wash buffer for 1 to 2 minutes prior to 

aspiration. Substrate Solution (100 pEwell) was added to each well. The plate was 

incubated plate at room temperature for 15 minutes prior to the addition of Stop 

Solution (50 pl/well). The plate was read spectrophotometrically at 450 nm. Readings 

at 570 nm were substracted from the readings at 450 nm to correct optical 

imperfection in the plate.
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standard curve of Human 7NF-a
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The experiment was performed in duplieate (n=2)

2. Human IL-1 beta ELISA Ready-SET-Go!®

Assay procedure

The protoeol was as per Human TNF alpha ELISA Ready-SET-Go!®

224



standard curve of Human IL-1b
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The experiment was performed in duplieate (n=2)

3. H um an I L - lr a /I L - lF 3  Q uantik it  (R & D  System s)

Reagent preparation

All reagents were brought to room temperature before use.

Wash Buffer - Wash Buffer Concentrate (20 ml) was diluted into distilled water to 

prepare 500 ml o f  Wash Buffer.

Calibrator Diluent RD5-33 ( I X)  - Calibrator Diluent RD5-33 Concentrate (20 ml) 

was diluted into 20 mL distilled water to prepare 40 ml o f  Calibrator Diluent RD5-33 

(1)().

Substrate Solution - Colour Reagents A and B were mixed together in equal volumes 

within 15 minutes o f  use. The resulting mixture was protected from light.
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IL-Ira Standard - the IL-Ira Standard was reconstituted with distilled water (1 ml). 

This reconstitution produced a stock solution of 20,000 pg/ml. The standard was 

allowed to stand for a minimum of 30 minutes with gentle agitation prior to dilutions. 

Calibrator Diluent RD5-33 (IX) (900 pi) was pipetted into the 2000 pg/ml tube. The 

appropriate Calibrator Diluent (500 pi) was pipetted into the remaining tubes. The 

stock solution was used to produce a dilution series. Each tube was mixed thoroughly 

before the next transfer. The 2000 pg/ml standard served as the high standard. The 

appropriate Calibrator Diluent served as the zero standard (0 pg/ml).

Assay procedure

All reagents were brought to room temperature before use. All samples, standards, 

and controls were assayed in duplieate. Excess microplate strips was removed from 

the plate frame, and returned to the foil pouch containing the desiecant pack, and 

resealed. Assay Diluent RDIS (lOOpl) was added to all wells followed by lOOpl of 

Standard, control, or AmB formulation sample per well. The plate was covered with 

adhesive strip provided. After an incubation of 2 hours at room temperature, the wells 

were aspirated and washed four times with Wash Buffer (400 pl/well) using a squirt 

bottle, manifold dispenser, or autowasher. After the last wash, residual Wash Buffer 

was removed by aspirating. The plate was inverted and blotted against clean paper 

towels before IL-lra Conjugate (200 pi) was added to each well. The plate was then 

cover with a new adhesive strip. The plate was incubated for 2 hours at room 

temperature, followed by aspiration/wash with Wash Buffer four times. Substrate 

Solution (200pi) was added to each well (protected from light) and incubated for 30 

minutes at room temperature. Stop Solution (50 pi) was added to each well. The 

optical density was determined within 30 minutes, using a microplate reader set to 

450 nm. Readings at 570 nm were substracted from the readings at 450 nm to correct 

optical imperfection in the plate.
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standard curve of Human IL-1 ra
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The experiment was performed in duplicate (n=2)
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